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Abstract
Springs exist in many terrestrial settings and have supported microbial communities
throughout Earth’s history. There is mounting evidence for spring deposits on Mars from
Noachian age to present, implying that water may be circulating in Mars’ subsurface despite
current cold, arid conditions. Current datasets for most of Mars are limited to mineralogy via
orbital spectroscopy and geomorphology from visual imagery and laser altimetry. Much is
known about terrestrial spring morphology, but few springs exist in Mars analogue settings,
and of those, few have been investigated for mineralogy. This study reports on two sets of
cold spring sites in the Canadian arctic where permafrost, frigid temperatures, and arid
conditions approximate Mars’ environment. The first are acidic cold seeps forming the
jarosite-rich Golden Deposit (GD) in Northwest Territories, Canada. The second are
perennial saline spring systems associated with three gypsum/anhydrite diapirs on Axel
Heiberg Island, Nunavut, Canada: Wolf spring (WS; also known as Lost Hammer), Colour
Peak (CP), and Gypsum Hill (GH) springs. Reflectance spectra were collected to determine
how similar spring deposits would appear from Mars orbit, and compared to X-ray
diffraction (XRD) and inductively coupled plasma emission spectrometry (ICP-ES) results.
Spectrally, GD appears to consist only of jarosite, but XRD analysis also detected
natrojarosite, hydronium jarosite, goethite, quartz, clays, and hematite. In samples from WS
gypsum and mirabilite are spectrally visible via strong features in the ranges of all current
Mars orbital datasets, owing to their hydrated states. Halite and thenardite are spectrally
detectable, but the strongest absorption features lay outside the ranges of the highest
resolution Mars datasets. XRD analysis of WS samples detected primarily halite, thenardite,
gypsum, and mirabilite, with other sulfates and elemental sulfur. Results from this study are
applied in the search for potential spring sites on Mars, and an ovoid jarosite-rich deposit in
Mawrth Vallis is proposed as a landing site for future Mars missions. Jarosite, gypsum, and
thenardite facilitate preservation of organic material, and thus suspected spring deposits
containing these sulfate minerals are excellent candidates in the search for evidence of life on
Mars.
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Introduction and Literature Review
1.1

Introduction and research objectives

Springs are defined as concentrated discharges of ground water (Poehls and Smith, 2009)
issuing from the subsurface into a body of surface water, or directly onto the land surface
(Schwartz and Zhang, 2003), above ground level. Springs occur where the water-table
intercepts the ground surface (Allaby and Allaby, 1999), and flow at a rate sufficient to
form a current (Schwartz and Zhang, 2003). They can be either ephemeral or continuous,
and can exist in many types of environmental settings on Earth. Springs are host to a
variety of microbial communities, which are often associated with, and sometimes
preserved within, mineral deposits. There is mounting evidence for spring deposits on
Mars (e.g., Malin and Edgett, 2000; Rossi et al., 2008), which could potentially have
hosted life at some time during Mars’ past. But before we can easily identify spring
deposits on the surface of Mars with the limited datasets available, we must gain a better
understanding of spring deposits in Mars analogue settings on Earth. Specifically, it is
critical to determine what different types of springs will look like from orbital data. On
Mars two of the most useful planet-wide data sets for spring deposit identification are
mineralogy from reflectance spectroscopy (e.g., the Compact Reconnaissance Imaging
Spectrometer for Mars (CRISM) instrument aboard Mars Reconnaissance Orbiter
(MRO), and the OMEGA instrument on Mars Express), and geomorphology from high
resolution orbital imagery and altimetry (e.g., the High Resolution Imaging Science
Experiment (HiRISE) camera aboard MRO and the Mars Orbiter Laser Altimeter
(MOLA) on the Mars Global Surveyor (MGS) orbiter).
Geomorphology of springs on Earth is generally understood. Different spring
morphologies are possible (e.g., terraces, channels, pools; Omelon, 1999) depending on
slope and water flow rate, but morphology is generally independent of environmental
settings. Mineralogy of surficial deposits can vary greatly, however, as this is dependent
on subsurface mineralogy, groundwater source, temperature, pH, salinity, and dissolved
gases, and on the environmental conditions at the spring outlet. Few terrestrial spring
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systems exist in Mars environmental analogue settings (Andersen et al., 2008), and of
those, fewer still have been thoroughly investigated in terms of their mineralogy. In order
to make the most of the martian mineralogy data available, we must look to terrestrial
springs in environmental settings similar to past or present day Mars to develop
hypotheses regarding the search for life. While there is evidence that Mars may have
been warmer and wetter in the past (Morris et al., 2010), there is equally compelling
evidence that temperatures may not have been significantly warmer than today (Fairén,
2010). This study takes a conservative approach and looks at springs in relatively cold
settings without significant heating sources. Specifically, this thesis focuses on two
different cold spring sites in Canadian Mars analogue environments, with Mars analogue
mineralogy: The jarositic Golden Deposit, Northwest Territories (Michel and van
Everdingen, 1987; Chapter 2); and saline perennial springs on Axel Heiberg Island,
Nunavut (Pollard et al., 1999; Chapter 3).
The objectives of this thesis are to: (1) geologically characterize cold spring sites at two
locations in the Canadian Arctic; (2) determine mineralogy of springs sites using
laboratory-based X-ray Diffraction (XRD); and (3) determine how these sites would
appear in orbital reflectance spectral data, in order to (4) apply this information in the
search for potential spring sites on Mars.

1.2
1.2.1

The search for evidence of life on Mars
Follow the water

Liquid H2O is a key requirement for life and everywhere on Earth where water can be
found, evidence of life can be found as well. Thus NASA and others adopted the mantra
“follow the water” when it came to looking for life on Mars. Although water is not stable
on the surface of Mars under current atmospheric conditions, extensive reservoirs of
ground ice were hypothesized to occur within a depth of 1 m in circumpolar latitudes
(Mitrofanov et al., 2003) and confirmed by both the Phoenix lander mission, which
exposed ground ice at depths of 5 to 18 cm (Smith et al., 2009), and by recent iceexcavating impact craters (Byrne et al., 2009). In addition, most of the surface of Mars
currently consists of permafrost (Carr and Schaber, 1977). Despite the lack of liquid H2O
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on Mars’ surface today, there is abundant evidence for water-emplaced landforms, and
spectrometers on orbital and surface Mars missions have observed minerals consistent
with the interaction of crustal rocks with water, including phyllosilicates, hydrous
sulfates and halides (e.g., Squyres et al., 2004a; Bibring et al., 2006).
While conditions on early Mars are not definitively known, many scenarios have been
proposed, ranging from cold, mostly dry conditions (Carr and Head, 2003; Christensen,
2008; Johnson et al., 2008; Ehlmann et al., 2011) to warm conditions, with warm oceans
(Pollack et al., 1987; Chevrier et al., 2007). Consensus has not been reached regarding
what Mars’ climate was like during the time minerals indicative of water-rock
interactions were deposited, but recent studies suggest temperatures may have been
around the freezing point of water (Johnson et al., 2008; Fairén, 2010). If we investigate
the “worst case scenario” and assume that conditions were relatively cold and dry with
only short-lived, locally isolated flows of surface water, phyllosilicates, hydrous sulfates,
and halides could still have precipitated (Christensen, 2008; Ehlmann et al., 2011).
Due to the “follow the water” strategy, most proposed landing sites for Mars rover
missions are in areas with strong evidence for past water. For example, both the Spirit
and Opportunity landing sites were selected based on evidence of past water. Gusev
Crater was likely once occupied by a lake (Grin and Cabrol, 1997), and sulfate minerals
at Meridiani Planum required water to form (Squyres et al., 2004a). Other recently
proposed landing sites to search for habitable areas of Mars have included deltas, other
crater lakes, and areas rich in phyllosilicates, hypothesized to have formed under wet,
non-acidic conditions early in Mars’ history (Wray et al., 2009). Numerous additional
water- and ice-mediated landforms have been identified on Mars’ surface, including but
not limited to: channels and valleys which appear to have been incised by water; several
types of periglacial landforms; potential post-impact hydrothermal systems; and spring
deposits. Although water is critical to supporting life, evidence of water does not
constitute evidence of life.
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1.2.2

Follow the methane?

Methane, if produced recently, could be diagnostic of microbial metabolism. Evidence
from Earth-based telescopes indicates the presence of methane in the martian atmosphere,
and suggests a methane origin from “hotspots” or “plumes” (Mumma et al., 2009).
Methane arising from these sources varies in intensity with latitude and season (late
summer maximum), although evidence of locally enhanced CH4, combined with
atmospheric circulation, may suggest continued release from two local source regions,
each producing approximately ≥0.63 kg/s (Mumma et al., 2009). CH4 appears to be
especially enriched over several discrete areas, including east of Arabia Terra. Arabia
Terra is an area with suspected spring deposits, (Allen and Oehler, 2008; Rossi et al.,
2008), and also associated with greatly enriched water vapour. The age of the methane is
unknown; therefore geological or biological processes could explain the origin of these
plumes. The latter could imply the existence of subsurface methanogenic microbial
communities (Niederberger et al., 2009). Alternatively, even if methane is abiogenic, it
could act as a food source for methanotrophic microorganisms. The evidence of Martian
methane has been contested by Zahnle et al. (2011) and others but it is anticipated that
upcoming Mars missions with methane detection capability (e.g., Mars Atmospheric and
Volatile EvolutioN (MAVEN) in 2014; and ExoMars/Trace Gas Orbiter in 2016) will
settle the debate.

1.3
1.3.1

Evidence of spring deposits in the solar system
Spring deposits on Mars

Geomorphological evidence of springs on Mars has been mounting. In 2000, Malin and
Edgett presented evidence for gullies in crater rims at mid to high latitudes, which may
suggest seepage of liquid water at shallow depths (Malin and Edgett, 2000). In 2006, the
same authors reported very recent light-toned deposits, which may also suggest liquid
water seepage within the past 12 years (Malin et al., 2006). In addition Rossi et al. (2008)
identified light-toned deposits which may have been emplaced through ground water
upwelling in several topographically low locations on Mars. Locations of light-toned
deposits include Valles Marineris, chaotic terrains, and inside several large impact
craters. Rossi et al. (2008) suggest that the mound in Gale Crater, which is the landing
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site of NASA’s Mars Science Laboratory/Curiosity Rover mission, may also have been
emplaced through spring processes. Some potentially spring-generated light-toned
deposits may be as young as Amazonian (Rossi et al., 2008). Liquid brine outflow has
also been proposed as a formation mechanism for recurring slope lineae often associated
with small channels on steep slopes, which presently grow during warm seasons and fade
in cold seasons (McEwen et al., 2011). However, more recent results from the same
group of authors suggest that water may not be involved in lineae formation (Dundas et
al., 2012). In 2008, Allen and Oehler reported HiRISE images of terraced vent-like
structures in Vernal Crater, Arabia Terra, Mars (Allen and Oehler, 2008), which bear
remarkable similarities to terrestrial spring deposits.
Mineralogical evidence for past spring deposits has also been increasing. The putative
martian spring deposits reported by Rossi et al. (2008) are dominated by sulfates, as
indicated by both orbital and rover based data (Rossi et al., 2008, and references therein).
At Meridiani Planum, the Miniature Thermal Emission Spectrometer (Mini-TES) and the
Mössbauer Spectrometer aboard the Mars rover Opportunity detected layered deposits
containing the OH-bearing Fe-sulfate mineral jarosite, as well as other sulfates, and
halides. These have been interpreted as evidence for upwelling and evaporation of past
acidic groundwater or surface water (Squyres et al., 2004a), likely during the late
Noachian (Andrews-Hanna et al., 2010; Hurowitz et al., 2010). In 2008, Squyres et al.
reported the discovery by the Mars rover Spirit of opaline silica deposits, both as lighttoned soils and as bedrock. They interpreted the materials to have formed under
hydrothermal conditions associated with volcanic activity (Squyres et al., 2008). Also in
the Columbia Hills, Gusev Crater, Morris et al. (2010) reported Spirit’s discovery of
carbonates, presumed to be precipitated from near-neutral pH carbonate-bearing solutions
under volcanic hydrothermal conditions, during the Noachian (Morris et al., 2010). A
jarosite-rich ovoid landform in Mawrth Vallis (Farrand et al., 2009), may also be a spring
or seep deposit (Chapter 2). The 3 × 5 km ovoid jarositic deposit at Mawrth Vallis was
discovered using data from the CRISM hyperspectral imager, and sits within a depression
in layered Noachian terrain (Farrand et al., 2009).
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Thus, springs may have flowed on Mars as long as ago as the Noachian up until the
present day. Therefore water was, and potentially is, circulating beneath Mars’ surface
despite the cold and dry conditions prevalent today. In addition, this suggests that past
martian environmental conditions did not need to be significantly warmer or wetter for
spring deposits to form, although warmer and/or wetter conditions are not precluded.
Regardless, it is logical that water must experience a freezing point depression in order to
flow near or at the surface under atmospheric conditions similar to those prevalent today,
and thus water is likely saline. If spring systems did exist on the surface of Mars (or do
today), they may have represented environments that are capable of supporting
subsurface microbial life, or potentially life on the surface if atmospheric conditions
permitted.
On Axel Heiberg Island, Mars analogue springs are associated with salt diapirs. Recent
HiRISE images show structures resembling diapirs on the surface of Mars (Baioni and
Wezel, 2010; Wezel and Baioni, 2010). CRISM data confirms that suspected diapirs in
Valles Marineris contain mono and polyhydrated sulfates (Milliken et al., 2007). Data
from various orbital imaging and topography instruments (e.g., MOLA, HiRISE, Mars
Orbiter Camera (MOC)) likewise indicate abundant sulfate salts in Valles Marineris
associated with collapse features. This is indicative of widespread salt tectonics and
dissolution (Adams et al., 2009; Montgomery et al., 2009). Ground penetrating radar
(GPR) instruments aboard MRO (Shallow Radar; SHARAD) and Mars Express (Mars
Advanced Radar for Subsurface and Ionosphere Sounding; MARSIS) could potentially
be used to detect subsurface diapirs on Mars, but no evidence of diapirs has been reported
by orbital GPR instruments yet. If diapirs are present, they are a good target to look for
evidence of spring activity.
1.3.2

Similar deposits on Europa

Although Mars is the primary focus of this study, some of the terrestrial springs in
question are also excellent analogues for Jupiter’s moon Europa, as hydrated salts are
present both on the surface of Europa, and at the Axel Heiberg Island spring sites.
McCord et al. (1999) proposed that hydrated salts on Europa are some combination of
natron (Na2CO3•10(H2O)), bloedite (Na2Mg(SO4)2•4(H2O)), epsomite (MgSO4•7(H2O)),
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hexahydrite (MgSO4•6(H2O)), and mirabilite (Na2SO4•10H2O); the latter which could
comprise up to 24% of the hydrated salts. Based on a series of laboratory mixtures,
Dalton (2007) suggested that a combination of 14% hexahydrite, 11% bloedite, 12%
mirabilite, and 62% sulfuric acid hydrate produce the closest possible spectral match.
While the depositional environment on Europa differs from the surface conditions on
Axel Heiberg Island today, the Wolf spring in particular may be a good mineralogical
analogue for Europa, as it features mirabilite in a cold, semi-arid desert environment,
precipitated by the upwelling of cold, salty subsurface water.

1.4

Mars analogue environmental conditions

In order to better understand potential spring deposits on Mars, it is helpful to investigate
spring deposits on Earth under conditions that are as similar as possible to Mars. Some
environmental conditions especially relevant to spring deposit formation both on Mars
today and likely during Mars’ past are cold and arid atmospheric conditions, and thick
continuous permafrost. Mars analogue geochemistry includes saline or acidic
groundwater, and sulfate-rich precipitates. Other martian conditions that are more
difficult to match in natural terrestrial settings include: lower gravity; very low
atmospheric pressure; CO2-rich atmosphere; extreme oxidizing surface conditions; and
high UV radiation.
1.4.1

Cold, arid atmospheric conditions

Cold, arid atmospheric conditions prevail in the polar deserts of the north and northwest
Canadian Arctic Archipelago, parts of Greenland, parts of the Svalbard Archipelago
(Norway), several archipelagos of northern Russia (Aleksandrova, 1988), and much of
Antarctica. Average annual air temperatures in the Canadian Arctic can be at or below
-15 °C to -20 °C (Maxwell, 1982). Although temperatures aren’t as cold, high altitude
deserts like the Atacama Desert in Chile, with average annual air temperatures between
16 °C and 17 °C (McKay et al., 2003), are extremely arid and also of interest. The
McMurdo dry valleys in Antarctica are likely the closest to approximating Mars
temperature and aridity, however, with average annual air temperatures of -15 °C to
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-30 °C (Doran et al., 2002), and annual precipitation of <10 cm water equivalent (Keys,
1980).
1.4.2

Permafrost

Permafrost, which is defined as ground that remains at or below freezing for at least two
years in a row (Harris et al., 1988) is found throughout the Earth’s polar regions.
Although there are local variations, in the Northern Hemisphere approximately 70% of
the permafrost is distributed between 45 °N and 67 °N latitude, and permafrost can be
thinner and discontinuous as far south as 26 °N in the Himalayas (Zhang et al., 1999). In
the Northern Hemisphere 12.8% to 17.8% of exposed land is underlain by permafrost
(Zhang et al., 2000). Permafrost is thick and continuous throughout the Canadian Arctic
Archipelago and in broad bands along northern Canada and Alaska, and can be more than
500 m thick (Sloan and Van Everdingen, 1988). Permafrost influences the flow of
groundwater and surface water by acting as an aquitard. It is not completely
impermeable, but rather a confining material with very low hydraulic conductivity (Sloan
and Van Everdingen, 1988). Subpermafrost aquifers, intrapermafrost aquifers in unfrozen
zones (taliks), and suprapermafrost aquifers are all possible, in either unconsolidated
material or bedrock. Most groundwater flow in permafrost regions occurs in the active
layer above the permafrost, which freezes in the winter and thaws in the summer (Woo et
al., 2000), and can be centimetres to more than one metre thick (Sloan and Van
Everdingen, 1988). Groundwater recharge through permafrost occurs mostly along taliks
(Sloan and Van Everdingen, 1988; Van Everdingen, 1990), or at temperate basal zones of
glaciers (Haldorsen and Heim, 1999). Taliks are not subject to seasonal freezing, and
several types exist: open taliks, which cut through the permafrost layer; lateral taliks,
which form unfrozen layers within the permafrost; and isolated taliks, which are
completely surrounded by permafrost (Sloan and Van Everdingen, 1988). Open taliks can
remain unfrozen due to the presence of large lakes or rives above, due to downward fluid
flow, or due to upward flow of convectively heated and/or mineralized subpermafrost
water (hydrothermal, > 0 °C, or hydrochemical, < 0 °C). The latter mechanism is
responsible for all hydrothermal and most mineral springs with source waters originating
in subpermafrost aquifers (Sloan and Van Everdingen, 1988). Permafrost can have a
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direct effect on the geochemistry of groundwater. For example, solubilities of calcium
and magnesium carbonates and calcium sulfate are increased with decreasing temperature
(Sloan and Van Everdingen, 1988). This may play a role in influencing the mineralogy of
cold spring deposits in permafrost settings. This also makes carbonate rocks ideal hosts
for talik formation (Clark and Lauriol, 1997).

1.5

Mars analogue springs on Earth

There are relatively few locations on the Earth where perennial springs exist under cold,
arid atmospheric conditions, and in continuous permafrost settings. Fewer still are not
related to volcanic hydrothermal activity, and therefore considered “cold springs” in the
context of this study. Most springs on Earth feature carbonate or silica spring deposits,
and relatively few precipitate sulfate minerals. In the Northern Hemisphere there are
documented perennial cold springs in all three territories of the Canadian Arctic (Michel
and van Everdingen, 1987; Pollard et al., 1999; Socki et al., 2002; Grasby et al., 2003), in
Alaska (Sloan, 1985), Siberia (Yoshikawa et al., 2006), and on the Tibet Plateau (Wang
and French, 1994). Relatively low temperature thermal springs have been documented in
Svalbard (Reigstad et al., 2011). In the Southern Hemisphere there is at least one cold
perennial spring in Antarctica (Burt and Knauth, 2003).
1.5.1

Mars analogue perennial cold springs in North America

Grasby et al. (2003) have reported supraglacial sulfur springs at Borup Fiord Pass,
Ellesmere Island, Nunavut, Canada. Here, springs discharge from the surface of a glacier
estimated to be 200 metres thick, form deposits of elemental sulfur, gypsum, bassanite,
calcite, and the calcite polymorph vaterite, and release H2S gas. Spring pH ranges from
7.29 to 9.50, and temperatures range from 1.0 to 2.3° C at various outlets (Grasby et al.,
2003; Gleeson et al., 2011). Evidence indicates the presence of sulfur metabolizing
bacteria within the glacial system, and also suggests that elemental sulfur is due to
oxidation of H2S, which in turn results from the reduction of sulfate from subsurface
anhydrite beds. Grasby et al. (2003) hypothesize that sulfate reduction and sulfide
oxidation may be biologically mediated, like in the case of evaporite-associated
bioepigenetic sulfur deposits in Poland (Niec, 1992). Also in Nunavut, an ice-dammed
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lake adjacent to Fountain Glacier on Bylot Island fed a proglacial perennial spring, 50 m
beyond the terminus of the glacier. Flow was first observed in 1991, but the lake
catastrophically drained in between 1996 and 1999, and the spring has not been observed
since (Moorman, 2003).
Several seasonal and perennial springs have been reported in a region of continuous
permafrost with karstic development, in and around the Mackenzie Valley and the
Mackenzie and Franklin Mountains, west and southwest of Norman Wells, Northwest
Territories, Canada. In some cases recharge water flows beneath the permafrost layer
along karstic taliks, up to 500 m deep, before resurfacing at spring outlets. Perennial
springs often contain significant NaCl, and have temperatures as high as 9° C (Hamilton
and Ford, 2002; Caron et al., 2008).
At least 50 perennial springs have been mapped in coastal northeastern Alaska and
northwestern Yukon Territory and are associated with carbonate rocks or Tertiary
sediments. Some of the most studied springs include Shublik and Salderochit in Alaska
(Sloan, 1985). Water temperatures generally range from 0 to 4 °C in the early or late
winter to 4 to 11 °C in the summer, at individual outlets, and pH is near neutral or
slightly basic. Most springs are freshwater, although a few are brackish (Craig and
McCart, 1975). Perennial groundwater-fed springs are responsible for forming an icing
on the upper Firth River in the British Mountains, northern Yukon Territory, Canada
(Cardyn et al., 2007). An icing is a mineral-bearing ice deposits formed when
temperatures drop below the eutectic point of the solution in question (Heldmann et al.,
2005). While some of the groundwater here is suprapermafrost in origin, a large
proportion is drainage from karst (Clark and Lauriol, 1997). Also in northern Yukon
Territory, Lone Mountain Spring flows perennially, and cryogenically precipitates a
“carbonate slush”, also associated with an icing (Socki et al., 2002).
1.5.2

Mars analogue springs outside of North America

The Svalbard Archipelago is home to thermal springs, which flow through continuous
permafrost and discharge saline groundwaters rich in hydrogen sulfide and ammonium
(Reigstad et al., 2011). A number of springs have been documented parallel to fault zones
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and near extinct quaternary volcanoes, including the Troll, Jotun, and Gygre thermal
springs in the northwest, and the Fisosen and Trollosen thermal springs in the southwest
(Reigstad et al., 2011). The entire region experiences an elevated geothermal gradient.
Fisosen and Trollosen springs discharge waters with temperatures of 15 °C and 6 °C
respectively, and modeling indicates that the temperature of the deepest parts of the
aquifer, below several hundred metres of permafrost, must be 600–800 °C (Jensen,
1998). Perennial springs have been documented in the continuous permafrost region
around the Lena River in Siberia, Russia (Yoshikawa et al., 2006). Budong Quan
“Unfrozen Spring” is a perennial spring in the Ke Ke Xi Li area of Qinghai province,
China. It is set in relatively warm high-altitude permafrost of the Tibet Plateau (Wang
and French, 1994).
Most streams and gullies in Antarctic dry valleys flow only during the summer, and form
from top-down melting of snow and ice due to increased solar insolation (Head et al.,
2007). However, Don Juan Pond in the dry Wright Valley flows year round from a deep
confined aquifer, contains saturated calcium chloride brine, and is home to a variety of
microorganisms (Siegel et al., 1979). Brines rich in calcium chloride can remain liquid
down to or slightly below -53 °C, which is close to the average surface temperature of
Mars (Burt and Knauth, 2003). This makes Don Juan Pond one of the best Mars
analogues groundwater outflow systems on Earth (Burt and Knauth, 2003).
Of the perennial cold springs listed above, very few discharge acidic or saline water and
deposit sulfate minerals. This study focuses on two spring sites located in the Canadian
Arctic, in semi-arid deserts underlain by permafrost: the Golden Deposit, Northwest
Territories, which discharges seeps of cold, acidic water and precipitates jarosite; and the
springs on Axel Heiberg Island, Nunavut, which discharge cold, saline to hypersaline
water and precipitate a variety of sulfates, carbonates, and halite.

1.6
1.6.1

Geology of Mars analogue study sites
Norman Wells area, NWT

The Golden Deposit (GD) is located in the Canadian Arctic ~100 km east of Norman
Wells, Northwest Territories (65º11’58” N, 124º38’15” W; Fig. 1.1). From the air it
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appears as a golden-yellow deposit of unvegetated soil, and it is approximately 140 m
long × 50 m wide. The surface of the GD consists of interconnected polygons 1–3 m in
diameter, with raised centers. Water flows across the GD within small channels between
polygons. The GD is at least 1 m thick (Michel and van Everdingen, 1987), but
permafrost was encountered at a depth of 1 m and prevented probing to greater depths.
Permafrost is widespread but discontinuous below 1–2 m depth in the fall in this area
(Rühland and Smol, 1998). The GD is likely situated predominantly within the active
layer, assuming the total thickness of the GD is approximately 2–3 metres. The GD is
likely directly underlain by up to 50 m of quaternary sediments. The assumed quaternary
sediments are underlain by Cretaceous pyritiferous marine shales up to 250 m thick,
which are underlain by 100 m of additional shale. Devonian to Cambrian age rocks lie
beneath the shale units.
1.6.2

Axel Heiberg Island, NU

Axel Heiberg Island is located within the Sverdrup Basin of Nunavut, Canada (Fig. 1.1).
The Sverdrup Basin is an intracratonic sedimentary trough, and contains 13 km or more
of folded and faulted sedimentary rocks of Carboniferous to Tertiary age (Balkwill, 1978;
Embry and Beauchamp, 2008). Carboniferous evaporites contain a layer of anhydrite at
least 400 m thick, with minor limestone interbeds. These are underlain by halite with
minor anhydrite interbeds (Stephenson et al., 1992). Evaporites intrude overlying rocks
as piercement structures (diapirs) due to relative buoyancy and tectonic activity
(Thorsteinsson, 1974). Large dome-shaped diapirs were emplaced through moderate
horizontal compression from the Triassic to early Cretaceous. Small diapirs crop out in
cores of tight anticlines along a 60 km wide stretch of western Axel Heiberg Island.
These were extruded from a shallow canopy of evaporites formed during Arctic Ocean
seafloor spreading in the Early Cretaceous (Jackson and Harrison, 2006). The canopy, at
a depth of 5 km or less, is composed of older evaporite diapirs. All of the springs
highlighted in this study originate from this canopy of second-generation diapirs. Axel
Heiberg Island is host to at least 50 diapirs, which presumably contain halite cores at
some unknown depth (Stephenson et al., 1992). Halite is only exposed in a single diapir
on Axel Heiberg Island – Stolz diapir (Schwerdtner and van Kranendonk, 1984). At least
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Figure 1.1. Location of the study sites. Golden Deposit, Northwest Territories (top),
and three sets of springs on Axel Heiberg Island, Nunavut (bottom), in the Canadian
Arctic.

eight sets of springs have been reported on Axel Heiberg Island (Andersen et al., 2008),
all in association with diapirs.
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1.7

Golden Deposit overview and previous work

The GD was first reported in 1975 and referenced as the “Golden Deposit” by Michel
(1977). The GD consists of golden-yellow sediment, precipitating from seeps. Seeps are
seen in troughs between raised polygons, and discharge cold, acidic, iron-bearing
groundwater. Flow rates from seeps are generally very low, at approximately 2 to 3
L/min (Michel and van Everdingen, 1987). The GD is bordered on the west by a small
hill comprising shale, and on the southeast and southwest by two ponds. Elsewhere the
GD is surrounded by older golden-yellow deposits, now overlain by muskeg. Michel
(1977) determined the composition of the sediment to be predominantly jarosite, and
proposed that the composition of the seep waters is due to reactions of groundwater with
dolomite, and subsequently with a pyrite-bearing shale bed. Michel and van Everdingen
(1987) presented S isotope results which indicate that S in the sulfate mineral jarosite
originates from sulfide (highly negative values of -19 to -25 ‰). Water flowing through
rocks at the hypothesized recharge site dissolves dolomite, resulting in groundwater
enriched in Ca2+, Mg2+ and HCO3-. Next, water flow through pyritiferous shale beds leads
to Ca2+ + Mg2+ for Na+ + K+ cation exchange (Michel and van Everdingen, 1987), where
Na+ and K+ are presumed to originate from clays within the shale. Pyrite oxidation occurs
in the subsurface as well. Additionally, oxygen in the water is the source for the oxidation
of the sulfide minerals (van Everdingen et al., 1985). This combination of reactions leads
to elevated levels of Fe, sulfate, and hydrogen ions. HCO3- ions are consumed to form
carbonic acid and liberated Fe and sulfate ions interact with K+ and Na+ to produce
jarosite (Michel and van Everdingen, 1987). Biochemical oxidation of pyrite has been
proposed (van Everdingen et al., 1985). Michel and van Everdingen (1987) suggested
that the location of the recharge area is in a 300 m high ridge (the Keele Arch) of Lower
to Middle Devonian and Ordovician limestones and dolostones, 12 km west of the GD.
The average residence time of the water in the subsurface before discharging is 15 years,
based on tritium dating of the water by Michel (1977). The GD is of particular interest
because mineralogy and environmental conditions (permafrost and semi-arid conditions)
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at the time of deposition are potentially analogous to jarosite deposition at Meridiani
Planum (Squyres et al., 2004a), and Mawrth Vallis (Farrand et al., 2009), on Mars.

1.8

Axel Heiberg Island springs overview and previous work

Eight sets of saline cold springs have been reported on Axel Heiberg Island to date
(Andersen et al., 2008). The Axel Heiberg Island springs flow through approximately
400 to 600 m of permafrost, and are some of the highest latitude non-volcanic perennial
springs on Earth (Pollard et al., 1999). All springs are associated with gypsum-anhydrite
diapirs. Three springs are featured in this study, all located in the area of Expedition
Fiord (7926’N; 9046’W). They are: Wolf spring (WS), also known as Lost Hammer
spring, located at Wolf diapir; Colour Peak springs (CP), at Colour diapir; and Gypsum
Hill springs (GH), at Expedition diapir. At Expedition Fiord the annual air temperature is
-15 °C, (Doran et al., 1996), and temperatures often fall below -40 °C during the winter
(Omelon, 1999). Despite this, water temperatures at individual spring outlets are nearly
constant year round, ranging from -5 to 7 C. The three spring sites are located within
similar environmental settings, but vary in terms of geochemistry and mineralogy. pH
varies from 6.4 to 8.4 and salinity ranges from 8 to 23 % at the three spring sites (Pollard
et al., 1999). Microbial communities are thought to live in the sediments of all three
spring sites year round (Perreault et al., 2007; Niederberger et al., 2010). Mineralogy of
WS has not been analyzed before this study, but GH and CP have been geochemically
characterized in the past (Omelon, 1999)
Work done by Andersen et al. (2002) suggests that the water flowing from springs at GH
and CP originate as a combination of subglacial melt water and water from glacially
dammed, perennially ice-covered Phantom Lake, which is located ~400 m above, and
~13 km laterally from the GH spring outlets (Andersen et al., 2002). The springs may be
sufficiently warm to flow due to the local geothermal gradient, which was measured to be
37.3 °C km-1 in a borehole 60 km away (Taylor and Judge, 1976). Water flow paths and
recharge areas likely coincide with the evaporite diapirs (Andersen et al., 2002). Salt is
capable of conducting heat more efficiently than other rocks, and thus diapirs conduct
geothermal heat upward (Zentilli et al., 2005). Andersen et al. (2002) suggest that a
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similar thermal/flow model could explain potential spring deposits on Mars of similar
scale and flow rate to the Axel Heiberg springs. They calculate that martian springs
would result in outlet temperatures of -5C to -10C, assuming solutions with initial
temperatures around 0C, in subpermafrost aquifers at the base of a 3 km thick layer of
permafrost (Andersen et al., 2002). The Axel Heiberg springs are of particular interest
because environmental setting, geomorphology, and possibly mineralogy are similar to
putative spring deposits on the surface of Mars. The CP springs are similar in scale and
morphology to the very recent light-toned deposits (Malin et al., 2006); WS is similar in
scale and morphology to the terraced vent-like structures in Vernal Crater, Arabia Terra,
Mars (Allen and Oehler, 2008); and all three sites may be similar in appearance and
mineralogy to the sulfate-bearing light-toned deposits hypothesized by Rossi et al. (2008)
to be spring emplaced.
1.8.1

The Wolf spring site

Spring water at WS rises through a single hollow, cone-shaped mound, or vent. It is
approximately 2.5 m tall and 3 m in diameter, although this can vary with fresh mineral
deposition each year. Water flows from a large outlet at the centre of the vent year round.
Water is mostly confined to the vent during the winter months, and the vent can fill
completely with water, overflowing to form terraces (Andersen et al., 2008; Niederberger
et al., 2010). During summer months the water level in the vent is low, and discharging
water dissolves through the side of the vent, flowing down a shallow slope to drain into
the river below. During the summer the base of the vent is visible, and is revealed to
contain dark, frozen sediments with shallow overlying water. Methane and other gases
(Niederberger et al., 2010) vent as bubbles through the sediment. A saltpan up to 2 cm
thick covers an area approximately 150 m x 30 m surrounding the vent and flow-path,
although this varies with precipitation events.
Previous studies have reported a perennial water and underlying sediment temperature of
-5.9 to -4.7 °C in the vent, sediment temperature ranging from -18 to 9.2 °C in outflow
channels, and water salinity of 22–26%, (Pollard et al., 2009; Niederberger et al., 2010),
pH of 5.96 to 7.38, (Lay et al., 2012) as well as a relatively low flow rate (4-5 L/s;
Niederberger et al., 2010). An active microbial ecosystem with low microbial diversity is
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present within vent sediments, featuring halophilic (salt loving), psychrophilic (cold
temperature tolerant) bacteria and archaea (Niederberger et al., 2010). Lay et al. (2012)
report microbes in WS sediments related to methanogenesis, methanotrophy, sulfur
reduction and oxidation and ammonia-oxidation.
Although this site has been called the “Lost Hammer spring” by some authors, it was
mapped by Harrison and Jackson (2008) as “Wolf spring”. This spring will be referred to
throughout this thesis as Wolf spring.
1.8.2

The Colour Peak spring site

The CP spring site is named “Colour Peak” owing to the fact that springs appear black,
red, yellow, green, and blue in different locations due to variation in mineral crusts. CP is
host to a minimum of 20 spring outlets. These discharge from gullies located 30 to 40 m
above sea level in a band 300 m across the flank of the south-facing slope of Colour
diapir, and flow into Expedition River below. Springs flow from six gullies, and feature
precipitates forming morphologies including: pipe-form outlets, seep-form outlets,
elevated channels, rimstone pools, cascades, and terraces (Omelon, 1999). Travertine
precipitation is caused by the degassing of CO2 from spring waters during winter months;
this has been described by others (Omelon, 1999; Pollard et al., 1999; Omelon et al.,
2001; Omelon et al., 2006). Calcite is the most abundant mineral at CP, forming rimstone
pools and travertine channels. Channel deposits can contain calcite with thin, alternating
layers of organic-rich gypsum (Omelon, 1999). Halite crusts are widespread, but
dissolving with rainfall and humidity.
Previous studies have indicated that the average mean perennial water temperature of
outlets at CP is 3.6 °C, salinity is 16–17 % (Pollard et al., 1999), pH is 7.3–7.9, and the
total flow rate for all springs at CP is 20-25 L/s. At individual springs flow rate ranges
from barely visible to 1.5 - 1.8 L/s (Pollard et al., 1999). Bacteria that are psychrophilic,
obligately chemolithoautotrophic, and sulfur-oxidizing are the most common
microorganisms found in CP sediments, and some sulfur- and sulfate-reducing bacteria
are also present (Perreault et al., 2007).
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1.8.3

The Gypsum Hill spring site

Springs flow from approximately forty outlets at GH along a 300 m long stretch. The GH
springs are situated 10 to 20 m above sea level, parallel to the shallowly sloping shoreline
of the Expedition River (Fig. 4), and discharge at the base of the southeast-facing cliffs of
Expedition diapir. The base of the diapir here is overlain by Quaternary braidplain
deposits (Harrison and Jackson, 2008), and the location of the springs correspond with a
suspected fault (Zentilli, personal communication). The GH springs become concealed
beneath an icing deposit each winter. In the spring the icing deposit gradually melts, but
up to half of the outlets remain covered and unreachable into late June or July. Spring
morphologies at GH include seep-form outlets, shallow or deep pool-type outlets, poorly
defined channels, streams meandering around, or fanning out over mounds, frost mound
structures, and mud calderas. Mineral precipitates are less abundant at GH than at CP,
due in combination to lower flow rates, and the destruction of crusts each year by the
formation of icing deposits at GH (Omelon et al., 2006). The most abundant mineral at
GH is gypsum. As the icing deposit melts in the summer months, gypsum is released
from the icing and covers the entire site in a fine white powder (Beschel, 1963; Pollard et
al., 1999). Halite crusts are extensive at GH, but dissolve with rainfall and humidity.
The average mean perennial water temperature of GH outlets has been reported as 3.9 °C,
and the salinity as 8–9 % (Pollard et al., 1999). The pH of GH outlets ranges between 6.9
and 7.4, and the total flow rate of all springs at GH is 10-15 L/s. At individual springs the
flow rate ranges from barely visible to 0.9 - 1.0 L/s (Pollard et al., 1999). Similar to CP,
bacteria that are psychrophilic, obligately chemolithoautotrophic, and sulfur-oxidizing are
the most common microorganisms found in GH sediments, and some sulfur- and sulfatereducing bacteria are also present (Perreault et al., 2007). In addition, numerous scumlike biofilms are present in stagnant pools of shallow water throughout the GH site, and
streamer biofilms can be found in faster-flowing areas of several GH springs. Streamer
biofilms are inhabited mainly by S-oxidizing bacteria. These bacteria particularly flourish
during winter months, likely due to the fact that snow cover traps H2S gas, and therefore
allows metabolism rates to increase (Niederberger et al., 2009).
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1.9

Review of main sulfate minerals

One of the main groups of minerals documented on Mars and in the analogue sites
studied here are sulfates. As such, provided below is a brief overview of the main sulfates
relevant to this study.
1.9.1

Jarosite and associated Fe-bearing minerals

Jarosite (KFe3+3(SO4)2(OH)6), natrojarosite (NaFe3+3(SO4)2(OH)6), and hydronium
jarosite ((H3O)Fe3+3(SO4)2(OH)6) belong to the alunite supergroup of minerals, and show
extensive solid solution (e.g., Brophy and Sheridan, 1965; Basciano and Peterson, 2007).
All three were identified at the Golden Deposit, and may be present on Mars. For the sake
of simplicity “jarosite” will be used generically throughout this section. Other Fe-bearing
minerals at the GD include goethite (Fe3+O(OH)), and hematite (Fe2O3).
The main requirements for the deposition of jarosite are acidic water and oxidizing
conditions. Acidic surface water systems exist on Earth chiefly in two kinds of settings.
First are volcanic settings, which often feature hot springs or caldera lakes with dissolved
and oxidized gases including H2S and SO2 (Varekamp et al., 2000; Zolotov and Shock,
2005). Second are settings where Fe-sulfide minerals are oxidized. A surficial jarosite
patch can be produced in this way when groundwater circulates through Fe-sulfide
minerals at depth and upwells at the surface, under arid and oxidizing surface conditions.
Hematite is also capable of forming under low pH conditions (Zolotov and Shock, 2005),
but is not restricted to low pH depositional environments. The pH-Eh-hydration path for
Fe-sulfide weathering indicates evolution toward goethite and hematite (Jerz and
Rimstidt, 2003). Therefore, weathered surfaces are anticipated to contain more goethite
and hematite.
Jarosite is thermodynamically stable under the ranges of temperatures and pressures
currently present on Mars (Navrotsky et al., 2005; Cloutis et al., 2008). Due to this
stability, jarosite may retain paleoenvironmental and perhaps biological indicators in the
form of chemical or textural signatures. For example, biological activity may be evident
in the form of characteristic 34S isotopic composition (Navrotsky et al., 2005). Samples of
jarosite, goethite, and hematite from Rio Tinto ranging in age from 2 Ma to present have
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been analyzed by Preston et al. (2011), and shown to preserve biomolecules through
FTIR spectroscopy, as well as morphological evidence of life. Sumner (2004) and
references therein have described the potential for preservation of microbes and organics
in sedimentary rocks rich in iron and sulfates. Ohmoto and Lasaga (1982) found that
jarosite can potentially preserve organic materials over very long periods of time. It is
possible for sulfates to react with organic compounds at very low pH, but without a
biological sulfate reduction mechanism these reactions are not likely to destroy organics.
Additionally, the lytic enzymes that most microorganisms contain, which can degrade
cell walls (Beveridge, 1981), are inhibited by iron (Van Heijenoort et al., 1983).
Therefore, iron scavenged from the environment by bacterial cell envelopes can facilitate
the fossilization of microorganisms (Ferris et al., 1988). Jarosite-rich deposits on Mars
such as those found at Meridiani Planum and Mawrth Vallis are likely similar to the GD
and Rio Tinto deposits, and thus could also have supported and retained signatures of
biological activity.
Jarosite has many strong absorption features. In particular the absorptions at 2.26 and
2.46 µm, which are due to combinations of the overtones of OH stretching, adsorbed H2O
stretching and O—S—O bending fundamentals (Cloutis et al., 2006), are easily
detectable via orbital reflectance spectroscopy. When submitted to martian atmospheric
conditions for days to weeks, absorption features of most terrestrial sulfates undergo
shifts (Cloutis et al., 2008); however, the absorption features of jarosite do not change,
due to the thermodynamic stability of jarosite on Mars (Navrotsky et al., 2005). Thus,
terrestrial spectra of similar spatial and spectral resolution can be directly compared to
Mars orbital reflectance spectra, such as CRISM spectral data. In this way, jarositebearing spring deposits on Mars can theoretically be identified without much difficulty.
These spring deposits would have been deposited under acidic conditions, presumably
following the more neutral or alkaline conditions prevalent during the Noachian
(Chevrier et al., 2007).
1.9.2

Na-sulfates: Thenardite and mirabilite

Thenardite and mirabilite are evaporite minerals, which by definition require water to
form. They commonly precipitate in neutral to alkaline lacustrine evaporite deposits
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(Spencer, 2000), generally in arid regions. They can also be found in evaporitic salt flats
(sabkhas, playas), and fumarolic exhalations (Hill and Forti, 1997), and thenardite has
also been reported in subsurface Antarctic ice (Ohno et al., 2006), on sea ice, and as a
secondary precipitate in basaltic caves (Richardson et al., 2012). The Na-sulfate phase
that crystallizes is dependent on the temperature and evaporation rate (Genkinger and
Putnis, 2006), as demonstrated by the phase diagram shown in Fig. 1.2. Mirabilite is
generally more stable at higher humidity and lower temperature. A mirabilite saturated
solution has an equilibrium relative humidity (RH) around 93% at 20 °C (Flatt, 2002).
With decreasing humidity mirabilite will become less stable, and around 75% RH and 20
°C a phase transition to thenardite will occur (Flatt, 2002). In addition, mirabilite stability
is strongly tied to temperature. Mirabilite is not stable above ~32 °C, and as temperatures
decrease below 32 °C, the RH range in which it is stable increases (Flatt, 2002).
In order to find evidence of life on Mars biological or organic compounds must be
preserved, despite radiation and oxidizing conditions on the surface. Unprotected organic
molecules would likely be destroyed by radiation and oxidation (Stoker and Bullock,
1997). Anoxic environments with low temperatures and high ionic concentrations on
Earth promote DNA stability over very long periods of time (Inagaki et al., 2005).
Anoxic areas with the Axel Heiberg Island spring sites meet the criteria for long term
DNA stability. Thus, the Axel Heiberg Island springs, or analogous spring sites on Mars,
may facilitate preservation of ancient DNA. Additionally, deposition of biological
materials in association with evaporite minerals can increase the likelihood of organic
material preservation (Tehei et al., 2002; Parnell et al., 2007). Biological compounds are
frequently co-deposited with sulfate salts on Earth (Aubrey et al., 2006). Na-sulfate in
particular can aid in the preservation and identification of aromatic amino acids
(Richardson et al., 2009; Richardson, 2010). Wolf spring is rich in Na-sulfate minerals,
and also supports microbial metabolism. Thus, evidence of biological compounds may be
found in association with Na-sulfates at WS. Amino acids that have been deposited in
association with thenardite have been successfully detected by Richardson et al. (2009)
and Richardson (2010) using a mass spectrometry technique.
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Figure 1.2. Phase diagram for Na-sulfate. Solid lines indicate equilibrium phase
boundaries, and dashed lines indicate the metastable extension of the thenarditesolution boundary (from Flatt, 2002; Genkinger and Putnis, 2006).
Sulfate minerals have been detected on the surface of Mars both from orbital (Bibring et
al., 2006) and ground-based instruments (Squyres et al., 2004b). Specifically, potential
evidence of Na-sulfates has been reported by Zhu et al. (2006) and Mangold et al. (2008).
Terrestrial analogues and weathering models suggest that Ca- and Mg-sulfates (Banin et
al., 1997), in addition to Na-sulfates (Tosca and McLennan, 2006), are all possible as
alteration products of martian basalts. Na-sulfates are certainly possible on the surface of
Mars, as the stability fields of thenardite, mirabilite, and Na-sulfate heptahydrate all fall
within seasonal variations of temperature, humidity, and vapour pressure of the martian
atmosphere (Richardson et al., 2012). Although Ca-, Mg-, and Na-sulfates may all be
present on the surface of Mars, Na-sulfates are difficult to distinguish spectrally from Caand Mg-sulfates (Mangold et al., 2008). Thenardite has some features related to fluid
inclusions or adsorbed water, and very few strong absorption features attributed to S-O
stretching (Howari, 2004; Farifteh et al., 2008; Richardson et al., 2012), most of which
overlap with sulfate absorption features of gypsum (CaSO4• 2H2O) or other sulfates. This
could explain why Na-sulfates have rarely been reported on Mars. Gypsum has at least
three H—O—H bending fundamentals in the 6 µm region (Cloutis et al., 2006), due to
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asymmetry in the H2O site, and differences in H—O—H bond lengths (Hunt et al.,
1971), and consequently additional triplet combinations and overtones between 1.4 and
1.6 µm and elsewhere (Cloutis et al., 2006). Gypsum is also of interest in the search for
evidence of life, as it is capable of permineralizing microfossils (Schopf et al., 2012),
however due to its relative abundance on the martian surface it may be difficult to
distinguish gypsum deposited by spring processes from other gypsum which may be less
likely to contain evidence of life. Thenardite may be easier to identify when not
associated with gypsum, or other sulfates. In addition, neutral to alkaline conditions
required for Na-sulfate precipitation may have prevailed on Mars during the Noachian,
prior to a later acidic phase, which would have been more conducive to the precipitation
of Mg- and Fe-sulfates (Chevrier et al., 2007). Thus, Noachian terrains are a good target
to search for spectral signatures of spring deposits containing Na-sulfates, and any
biological material preserved within.
In conclusion, by focusing on searching for the Fe-sulfate mineral jarosite and the Nasulfate mineral thenardite in association with spring-like landforms, it may be possible to
identify spring deposits spanning very different environmental conditions, and possibly
very different time periods on the surface of Mars. As such, the search for preserved
organic materials is greatly expanded, and the chances of finding evidence of life are
increased.
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Chapter 2

2

Characterization of the acidic cold seep emplaced
jarositic Golden Deposit, NWT, Canada, as an analogue
for jarosite deposition on Mars
2.1

Introduction

Mars today is a cold, dry planet, and most of the surface consists of permafrost (Carr and
Schaber, 1977), which is defined as ground that remains at or below 0 °C for at least two
years (Harris et al., 1988). Liquid H2O is unstable on the surface for long periods of time
under current atmospheric conditions, but substantial deposits of ground ice are
hypothesized to occur within a depth of 1 m in circumpolar latitudes (Mitrofanov et al.,
2003). A variety of observations support the existence of ice in the martian subsurface,
including the detection of near-surface ground ice in martian northern latitudes by the
Phoenix lander (Smith et al., 2009), and the Mars SHAllow RADar (SHARAD) sounder
onboard Mars Reconnaissance Orbiter (MRO; Phillips et al., 2008).
Despite the lack of water on Mars’ surface today, past and present missions have
observed minerals consistent with long-term crustal interaction with liquid H2O,
including phyllosilicates, hydrous sulfates, and halides (e.g., Squyres et al., 2004a;
Bibring et al., 2006). Many scenarios for conditions on early Mars have been proposed,
ranging from a cold, dry, but locally wet Mars (e.g., Carr and Head, 2003; Christensen,
2008; Ehlmann et al., 2011; Johnson et al., 2008) to a cold Mars with a cold (Parker et
al., 1993) or glacially bound ocean (Fairén et al., 2011), to a warmer Mars, with warm
oceans (Pollack et al., 1987; Chevrier et al., 2007). There is no consensus on what Mars’
climate was like during the time these minerals were deposited, but recent studies suggest
temperatures may have hovered around the freezing point of water (Johnson et al., 2008;
Fairén, 2010). Even if we take a conservative approach and assume that conditions were
indeed relatively cold and dry with local transient surface water, phyllosilicates, hydrous
sulfates, and halides could have precipitated (Christensen, 2008; Ehlmann et al., 2011).
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Of particular interest are the discoveries of layered deposits containing the OH-bearing
Fe-sulfate mineral, jarosite, throughout Meridiani Planum (Christensen et al., 2004;
Klingelhofer et al., 2004; Squyres et al., 2004a), and in several patches at Mawrth Vallis
(Farrand et al., 2009; Michalski and Niles, 2011). Jarosite is thermodynamically stable
under a majority of temperature and pressure conditions on present-day Mars (Navrotsky
et al., 2005; Cloutis et al., 2008). As such, provided it has not recrystallized or
decomposed, jarosite may contain chemical or textural indicators of Mars’ history,
perhaps including evidence of biological activity via 34S isotopic composition (Navrotsky
et al., 2005). Global mapping has revealed that similar sulfate-bearing mineralogical
assemblages are widespread over the martian surface (Bibring et al., 2006). The layered
deposits in Meridiani Planum have been interpreted as evidence for past upwelling and
evaporation of acidic groundwater or surface water (Squyres et al., 2004a; Squyres et al.,
2006), likely during the late Noachian (Andrews-Hanna et al., 2010; Hurowitz et al.,
2010). Based on the wide distribution of sulfate deposits, acid sulfate aqueous systems
could have directed the geochemistry of surface waters for extended periods of time
during the late Noachian, either globally (Fairén et al., 2004; Bibring et al., 2007), or in
isolated locations (Christensen, 2008). This places constraints on the type of mineral
deposits that could have precipitated and also on the habitability of surface waters during
that period of time.
A major question related to the martian acidic deposits is their mode of formation.
Jarosite deposition requires acidic waters and oxidizing conditions. Natural acidic surface
water systems most commonly occur on Earth in two types of settings. The first type is
volcanic, where gases including H2S and SO2 are dissolved and oxidized in caldera lakes
or hot springs (Varekamp et al., 2000; Zolotov and Shock, 2005). However, neither
Meridiani Planum nor Mawrth Vallis are situated near enough to volcanoes, so this type
of setting was not likely responsible for jarosite deposition. The second type is in areas
where sulfide minerals are oxidized. Several terrestrial jarosite-rich sites of this formation
nature have been described as analogues for Mars. For example, Rio Tinto, Spain
(Buckby et al., 2003; Fairén et al., 2004; Fernández-Remolar et al., 2005; Amils et al.,
2007), the Goldfield Au-Ag mining district, Nevada (Papike et al., 2006), Western
Australian acidic saline lake deposits (Benison and LaClair, 2003; Baldridge et al., 2009),
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and Eagle Plains, Yukon, Canada (Lacelle and Léveillé, 2010). Many of these sites and
most models developed to explain their martian counterparts invoke heating, or at the
very least warm climates, for jarosite precipitation (e.g., Zolotov and Shock, 2005). More
recently, however, analogue sites and mechanisms have been reported in cooler climates,
with average annual temperatures below freezing (e.g., Lacelle and Léveillé, 2010;
Michalski and Niles, 2011). This suggests the possibility of jarosite production under
colder conditions, closer to those currently prevailing on Mars. Although surface
temperatures during jarosite deposition at Meridiani Planum and Mawrth Vallis are not
known with certainty, it is important to consider analogue sites in colder settings, with
environmental properties representative of a colder Mars. These properties include
prevailing freezing temperatures, a thick layer of permafrost, and semi-arid to arid
climate regimes (Fairén et al., 2009; Fairén, 2010).
In addition, if the deposits formed in an environment where evaporation dominated, the
resulting geochemical conditions and the mineral phases that precipitate would have been
different from an environment dominated by freezing and sublimation (Lacelle and
Léveillé, 2010). Distinguishing one from the other would help constrain climate models
of Early Mars and also habitability models of surface aqueous environments. Lacelle and
Léveillé (2010) determined through modeling and ground truthing that mineral
assemblages at Eagle Plains were produced by freezing, rather than evaporation. The
same techniques could be applied to other cold-climate acidic aqueous systems. The polar
regions of Earth present some of the most relevant analogue science opportunities for
ground truthing models and evaluating hypotheses concerning physicochemical processes
on Mars (e.g., High Lake gossan deposit in Nunavut, Canada (West et al., 2009); Eagle
Plains, Yukon, Canada (Lacelle and Léveillé, 2010)). The Golden Deposit (GD),
Northwest Territories, Canada (Michel and van Everdingen, 1987), features jarosite and
other sulfates precipitating from cold acidic groundwater seeps, and is of particular
interest as analogous martian features may have been produced through similar processes.
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Table 2.1. Comparisons of the GD, Eagle Plains, and Rio Tinto to Meridiani Planum
and Mawrth Vallis, Mars, at time of jarosite deposition. “++” = prominently
featured, “+” = present in lesser quantities, “-” = not present, and “?” = unknown.
Property

Golden
Deposit

Eagle Plains, Rio Tinto,
b
c
Canada
Spain

Meridiani
g
Planum

Mawrth
h
Vallis

Jarosite

++

+

+

+

++

Other sulfates

++

++

++

++

++

Hematite

+

+

+

++

-

Goethite

+

+

+

+

+

Salts (ionic strength) ++

+

++

++

?

Microorganisms

+

+

++

?

?

Permafrost

+

+

-

+ (?)

+ (?)

pH

2-6

2-5

2-3

<4 (?)

2-4 (?)

Water temperature

2-10 °C

3-12 °C

10 °C, constant ?

?

Conductivity

0.01-10 mS
cm-1

30-4000 mS
cm-1

1.95-1500 mS
d,e
cm-1

?

?

Latitude

65.2° N

66.4° N

37.2° N

0.2° N

a

Mean annual air
temperature

-5.52 °C

Max/min air
temperature

35/-52 °C

Mean annual
precipitation

290 mm

-4.1 ± 3.8 °C

17.5 ºC

f

a

(Norman Wells)
a

(Norman Wells)

33/-59 °C

k

40/0 °C

(today)

(today)

22/-98 °C

(Old Crow, 67.6° N)

380 mm

-65 ºC

-60 ºC

(Norman Wells)

22.3° N
i

j

i

?

(today)

760 mm

f

trace (?)
(today)

trace (?)
(today)

a

Environment Canada, (2010a); bLacelle and Leveille, (2010); cAmils et al., (2007); dBuckby et al., (2003);
e
Hudson-Edwards et al., (1999); fBonaccorsi and Stoker, (2008); gSquyres et al., (2004b); hFarrand et al.,
(2009); iMellon and Phillips, (2001); jSpanovich et al., (2006); kEnvironment Canada, (2010b).

Here, we report on the first detailed field, mineralogical, and geochemical
characterization of the GD. Table 2.1 compares temperature and precipitation, along with
additional properties of the GD, to Meridiani Planum and Mawrth Vallis, Mars, and other
terrestrial analogue sites.
2.1.1

The Golden Deposit

The GD is located in the Canadian Arctic ~100 km east of Norman Wells, Northwest
Territories (65º11’58” N, 124º38’15” W; Fig. 2.1). It is visible from the air as a golden-
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yellow patch of unvegetated soil approximately 140 m long × 50 m wide, within the
muskeg-rich boreal forest typical of the subarctic taiga. It was first reported in 1975 and
referenced as the “Golden Deposit” by Michel (1977). The surface of the GD features an
interconnected network of 1–3 m diameter raised polygons (Figs. 2.2a, b). Water flows in
small channels within the troughs between polygons.
The GD consists of an accumulation of yellow ochre, precipitating from numerous
closely spaced seeps in troughs. Seeps deliver cold, acidic, iron-bearing waters from the
sub-surface, and can be identified by slow streams of small bubbles. In most cases flow
rates are very low, at approximately 2 to 3 L/min (Michel and van Everdingen, 1987).
The seeps range in diameter from roughly several mm to 20 cm across, can be 10 or more
cm deep, and vary in appearance from discreet holes in sediment (Fig. 2.2i) to obvious
deep holes within channels (Fig. 2.2i), to “craters”, up to 1 m in diameter. The GD is
bounded on the west by a shale outcrop in the form of a small hill, and on the southwest
and southeast by Ponds 1 and 2 (Fig. 2.1). In other directions the GD is surrounded by
older deposits produced by the same system, which are now buried beneath muskeg.
Water flows in a predominant northwest to southeast direction across the GD, and exits
into a pond at the southeast end (Pond 2, Fig. 2.1). Small ponds along the perimeter on
the north and west sides may receive some active layer seepage flow from higher ground,
and these ponds provide the source for surface water, which mixes with seep water and
flows northwest to southeast across the deposit. Microbial filaments are present in a few
of the troughs (Figs. 2.2g, h) and a few insects were observed swimming in channels.
The GD is underlain by unit “C” of Yorath and Cook (1981), which is a thick sequence of
Cretaceous pyritiferous marine shales deposited within the Great Bear Basin. This unit
also outcrops immediately to the west of the GD. In this area unit “C” has a thickness
of up to 250 m. Approximately 100 m of shale (units A and B) underlie unit C. Below
these shales are Devonian to Cambrian age rocks, with Precambrian rocks below that.
The surface of the GD is sporadically strewn with boulders (tens) and cobbles (hundreds)
of widely varying composition. These may have been emplaced as till during the last
glaciation and have undergone frost heave up through what is now the GD. Zero to 50 m
of quaternary sediments may still underlay the GD. Michel and van Everdingen (1987)
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Figure 2.1. Aerial photograph of the Golden Deposit, taken September 2009. Inset
map of Northwest Territories, Canada showing approximate location of the GD.
determined the deposit to be at least 1 m thick, but could not penetrate deeper due to
permafrost, which is widespread but discontinuous throughout the entire region below
approximately 1–2 m depth in the fall (Rühland and Smol, 1998). Evidence of permafrost
underlying the GD includes: 1. the development of polygonal patterns on the surface of
the deposit; 2. the presence of a frozen zone at depth, encountered by a push core; and 3.
the presence of several small raised peat palsas in the organic-rich material immediately
south of the deposit, presumed to be ice-cored. The depth of GD sediment overlying the
Cretaceous shale unit is unknown, and the presence of till overlaying the shale and
underlying the GD has yet to be directly confirmed. Assuming the total thickness of the
GD is not more than 2–3 metres, it is likely situated primarily within the active layer.
Although the deposit appears to be muddy, it is firm enough to walk on.
Michel (1977) identified the soil composition to be jarositic, and suggested that the acid
seep waters form through reactions of ground water first with dolomite, and then with a
pyritiferous shale bed at depth. Sulfur isotope work presented by Michel and van
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Figure 2.2. Golden Deposit images. A: Water flows through troughs surrounding 1 –
3 m polygonal “islands”. B: Close-up view of a typical area within the GD. C: Push
core sample from the surface to 50 cm depth. D: Transect sample 20 m out from
GD; jarosite-rich mud exposed several cm’s beneath organic overburden. E:
Evaporitic salt crust sample scraped from vegetation and mud proximal to the GD.
F: 60 cm deep trench dug into shale outcrop west of the GD. G: Streamer-style
biofilaments in relatively fast-flowing water below scale bar. H: Terraces formed
near streamers also suspected to support a microbial community. I: Active seeps
within the GD indicated by arrows; range in diameter from 1 cm (right) to 6 cm
(middle).
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Everdingen (1987) shows that S in the sulfate minerals, including the jarosite, originates
from sulfide (highly negative values of -19 to -25 ‰). As water flows through rocks at
the hypothesized recharge site, dissolution of dolomite results in groundwater with an
initial composition rich in Ca, Mg and HCO3. Water then flows through the pyritiferous
shale beds underlying the GD, and Ca + Mg for Na + K cation exchange occurs. Na and
K are assumed to originate from clay minerals in the shale beds. Oxidation of pyrite also
takes place in the subsurface, long before water reaches the surface. Oxygen in the water
(both in the structure and dissolved) are the source for the sulfide oxidation (van
Everdingen et al., 1985). These reactions result in high concentrations of iron, sulfate,
and hydrogen ions. Bicarbonate ions are consumed to form carbonic acid and the
liberated iron and sulfate ions interact with K and Na to produce jarosite (Michel and van
Everdingen, 1987). Biochemical oxidation of pyrite is thought to play a role, and may be
accelerated by iron-oxidizing bacteria, such as Thiobacillus ferrooxidans (van
Everdingen et al., 1985). The suspected recharge area for the flow system is located 12
km to the west and features outcrops of, and sinkholes in, Lower to Middle Devonian and
Ordovician limestones and dolostones along a 300 m high ridge representing the Keele
Arch (an anticlinal structure with a thrust fault at the base of the ridge). Tritium dating of
the water by Michel (1977) indicates that the water has an average residence time in the
subsurface of approximately 15 years before discharging.
Weather data have been collected in Norman Wells over the past 30 years. Environment
Canada (2010a) reports a mean annual air temperature of -5.52 °C, and maximum and
minimum air temperatures of 35 °C and -52 °C, respectively. Mean annual precipitation
for Norman Wells is 290 mm (Environment Canada, 2010a), and thus the area may be
defined as a cold semi-arid desert (Warner, 2004). It is not known whether the seeps flow
year round, as they have never been visited during the winter. It is possible that they
become inactive during the winter months when the active layer freezes.

2.2

Field sampling

In September 2008 a two-day field campaign to the GD was undertaken with the goals of
mapping the physical and chemical conditions of the surface deposits and collecting
samples. Sediment samples were collected in and around the GD for mineralogy, major

46
and trace element, and spectral analyses. Mineralogy samples were selected to determine
detailed spatial mineralogy trends and variability, elemental analysis was determined to
support mineral identification, and spectral analyses were used to establish whether all
minerals can be observed via remote sensing. Water samples were also collected to
expand upon water chemistry data presented by Michel and van Everdingen (1987). Five
sites within the GD and a pond to the southeast were selected to be sampled for
mineralogy and water chemistry (GD Sites 1–5, Pond 2; Fig. 2.1). Sediments at many
additional sites were sampled for mineralogy and spectral analysis, as indicated in Figure
2.3 and described below.
2.2.1

Sediment and mineral sample collection

Seven categories of sediment and mineral samples were collected in and around the GD:
ochre, crust, core, terrace, transect, shale, and evaporite minerals. Yellow ochre samples
were collected from the upper 0.5 to 2 cm at various locations in and around the GD
including from sites 1 to 5, and Pond 2 to the south of the GD, and were typically wet
upon collection (Figs. 2.2b, 2.3). Sample sites include various channels and pools
throughout the GD, including locations directly above seeps (sites 2 and 3), and
downstream from seeps. Crust samples, representing drier surficial yellow ochre within
the GD, were taken as well from the raised centers of polygons (Fig. 2.2b). A core sample
was taken at Site 2, which was selected for its particularly low pH (2.78). A push core
was used to obtain a soil sample down to ~50 cm, and the core was sub-sectioned in the
field. It was not possible to penetrate past the active layer with the coring device and, as
such, samples within the permafrost zone were not recovered (Fig. 2.2c). Terrace samples
were collected from an area of flowing water where small, centimetre scale terraces have
formed. These terraces were in most cases ridged with streamer-form microbial filaments
(Figs. 2.2g, h). Transect samples were collected along several transects radially outward
from the deposit into the surrounding muskeg to the north and east. Ponds 1 and 2 to the
southwest and southeast of the GD (Fig. 2.1) and a small hill bounding the GD to the
west prevented sampling of subsurface sediments in those directions. Shale samples were
collected from the small hill to the west, which comprises a weathered shale outcrop
largely blanketed by glacial till. Trenches dug into the weathered shale revealed patches
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of bright red, yellow, and orange soil (Fig. 2.2f). Evaporite minerals forming thin white
coatings on grasses, mosses, organic rich mud, and leaves around the edge of the GD
deposit were also sampled (Fig. 2.2e).
2.2.2

Water chemistry sampling

Water pH and temperature measurements were obtained in the field with a handheld
instrument, and recorded at 73 locations throughout the deposit. Conductivity levels were
measured using a Yellow Springs Instrument conductivity meter, and were recorded at 35
locations.
Water chemistry samples were also collected from sites 1 to 5 and from approximately
0.3 m water depth in Pond 2. Water sampling protocols followed those provided by the
Environment Canada, Pacific Environmental Science Centre (PESC) in Vancouver,
Canada. Unfiltered samples were collected in acid washed 250 and 500 mL bottles,
rinsed four times with sample water, kept cool and dark for the duration of the field
season, and then immediately shipped to the PESC labs for analysis. Filtered samples for
metal and nutrient analyses were similarly kept cool and dark, and sent to PESC
following the field season. Upon return to base camp each day, unfiltered samples were
also measured for pH with a Hannah pH meter that was calibrated to buffers daily.
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Figure 2.3. Map of sample sites, including locations of terrace and biofilament
samples (biology), 50 cm core site (pH = 2.78), dry surface samples (crust), wet
surface samples (ochre), samples from a pit in the shale outcrop west of the deposit
(shale), and samples from transects to the NW, N, and E of the GD.
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2.3
2.3.1

Analytical techniques
Mineralogy: X-ray diffraction (XRD)

Samples were analyzed to determine detailed spatial mineralogy trends and variability.
All sediment samples were air dried for more than one month at room temperature. Most
samples for X-ray diffraction (XRD) were crushed by hand with an alumina mortar and
pestle, and dry sieved to < 53 µm. These samples were also used for spectral analysis.
Additional samples for XRD analysis were crushed by hand with a stainless steel mortar
and pestle. Detailed mineral determination was performed on 43 samples for this study
via XRD (Co K-alpha radiation λ=1.7902 Å, Rigaku Rotaflex, 45kV, 160 mA, 2º-82º 2θ)
at the Laboratory for Stable Isotope Science at the University of Western Ontario
(Western), and crystalline mineral phases were identified using the International Center
for Diffraction Data Powder Diffraction File (ICDD PDF-4) and the BrukerAXS Eva
software package at the micro-XRD facility at Western. Qualitative relative abundances
of minerals observed were determined based on visual inspection of peak height
intensities. Minerals with peak height intensities >5000 counts are referred to as “major”,
and minerals with peak height intensities <5000 are considered “minor”.
2.3.2

Whole rock major and trace element analysis

Major and trace elements were determined to support mineral identification. Oxide and
trace element abundances for six representative samples were determined by Acme
Analytical Laboratories Ltd. (Vancouver) via inductively coupled plasma emission
spectrometry (ICP-ES). Total abundances of the major oxides and several minor elements
were reported in weight % or ppm on a 0.2g sample analyzed by ICP-ES following a
lithium metaborate/tetraborate fusion and dilute nitric acid digestion. Loss on ignition
(LOI) is by weight difference after ignition at 1000 °C. One sample each of ochre (GD23) and crust (GD-10a) were analyzed, as well as one sediment (ochre) sample from the
surface of the acidic seep site where the core was extracted (GD-site2a), and one core
sample from 40 cm depth (GD-site2f). One transect sample taken near the edge of the
deposit (GD-T4a) and another transect sample approximately 40 m out from the edge of
the deposit (GD-T4c) were also analyzed.
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2.3.3

Spectral analysis

Spectral analyses were used to establish whether all minerals seen with XRD can be
observed via remote sensing. Spectra of 48 samples powdered to <53 µm were collected
with a FieldSpec Pro HR spectrometer at the University of Winnipeg Planetary
Spectroscopy Facility (Cloutis et al., 2006a). Spectra were acquired over 0.35-2.5 µm at
i = 30º, e = 0º, where i is the angle of incidence of the light source, and e is the angle of
light emitted to the detector. Spectra were collected relative to Spectralon® with a field of
view of approximately 5 mm, using a 50 watt quartz-tungsten-halogen light source, and
500 spectra were averaged to increase the signal-to-noise ratio.
2.3.4

Water chemistry

A total of 44 environmental variables were measured for the 6 water samples by the
Pacific Environmental Science Centre, including: Cl−, F−, SO42-, Br-, metals (Al, Sb, As,
Ba, Be, B, Cd, Ca, Cr, Co, Cu, Fe, Pb, Mg, Mn, Mo, Ni, P, K, Se, Si, Ag, Na, Sr, S, Sn,
Ti, V, Zn), pH, alkalinity, hardness, conductivity, nitrogen (NH3, NO3, NO2, total
nitrogen), phosphorus (total unfiltered P, total dissolved P, PO43-), and carbon (dissolved
inorganic C, dissolved organic C). Twenty-four environmental variables are reported
here.

2.4
2.4.1

Results
Mineralogy

GD mineralogy results from XRD are presented as a map in Figure 2.4. Major minerals
include natrojarosite (the sodium end-member of jarosite, (NaFe3+3(SO4)2(OH)6)), jarosite
(the potassium end-member, which is referred to throughout this paper simply as jarosite,
(KFe3+3(SO4)2(OH)6)), hydronium jarosite ((H3O)Fe3+3(SO4)2(OH)6), quartz (SiO2),
goethite (Fe3+O(OH)), and gypsum (CaSO4·2H2O). Minor minerals include hematite
(Fe2O3), plagioclase ((Na,Ca)(Si,Al)4O8), rutile (TiO2), muscovite
(KAl2(Si3Al)O10(OH,F)2), illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2,(H2O)]),
gismondine (Ca2Al4Si4O16·9(H2O)), ferrihydrite (Fe5O7(OH)·4H2O), anhydrite (CaSO4),
hexahydrite (MgSO4·6H2O), thenardite (Na2SO4), vauxite (Fe2+Al2(PO4)2(OH)2·6(H2O)),
fibroferrite (Fe3+(SO4)(OH)·5(H2O)), alunogen (Al2(SO4)3·17H2O), nacrite
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(Al2Si2O5(OH)4), and douglasite (K2Fe2+Cl4·2H2O). In addition, very small amounts of
various clays, including vermiculite ((Mg,Fe,Al)3(Al,Si)4O10(OH)2·4(H2O)) and kaolinite
(Al2Si2O5(OH)4), as well as amphibole (E.g., Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2) are
present in most samples (Table 2.2, Fig. 2.4).
Overall, natrojarosite and jarosite dominate the majority of samples. The d-spacing
values for crust sample GD-12, which includes natrojarosite, jarosite, and hydronium
jarosite are: 3.11 Å (100 % intensity, 2θ = 33.38 °), 3.07 Å (98.4 % intensity, 2θ = 33.89
°), 5.07 Å (85.5 %, 2θ = 20.31 °), 1.98 Å (34.1 % intensity, 2θ = 53.79 °), 1.83 Å (31.3
%, 2θ = 58.56 °), and others with decreasing intensities.
2.4.1.1

Ochres

Analyses of the eleven ochre samples confirmed the predominance of natrojarosite and
jarosite in all samples, with major hydronium jarosite in five samples, and minor gypsum
and hematite in four samples, three of which are associated with the hydronium jarositebearing samples, and also contain minor clay minerals including illite. Minor goethite is
present in all samples, along with varying abundances of quartz. Minor muscovite and
rutile are present in nine samples, and minor plagioclase feldspar is found in four samples
(Table 2.2, Figs. 2.2b, 2.4). Hydronium jarosite, gypsum, hematite, and illite are
associated with some of the most acidic sample sites.
2.4.1.2

Crusts

The four surficial “crust” samples (top 5 mm) contain natrojarosite in all samples, jarosite
in three samples, goethite in the sample lacking jarosite, and minor goethite in the three
jarosite-bearing samples. Varying amounts of quartz are present in all four samples, along
with minor muscovite in three samples, feldspar in two samples, and rutile in one sample
(Table 2.2, Figs. 2.2b, 2.4).
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Figure 2.4. Mineralogy of samples as determined by XRD. Natrojarosite
(NaFe3+3(SO4)2(OH)6), jarosite (KFe3+3(SO4)2(OH)6), and hydronium jarosite
((H3O)Fe3+3(SO4)2(OH)6) are all shown here as “jarosite”. Big circles indicate major
amounts and small circles indicate minor amounts of a mineral.
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Table 2.2. Mineralogy of GD samples. “X” indicates mineral comprises a major
portion of sample, “x” a minor portion, based on qualitative XRD peak height
intensities. Established symbols used where possible* (Kretz, 1983).
Sample
Type

Sample #
(NW to SE)

Njrs

Jrs

Hjrs

Gt

Gp

Hem

Qtz

ochre

GD-site5

X

X

X

x

x

x

X

ochre

GD-16b

X

X

x

x

x

ochre

GD-site4

X

X

x

x

ochre

GD-site3a

X

X

X

x

x

ochre

GD-site2c

X

X

X

x

x

x

ochre

GD-site2d

X

X

X

x

x

x

ochre

GD-23

X

X

x

ochre

GD-13b

X

X

x

ochre

GD-24 (st 1)

X

X

x

ochre

GD-04 (p 2)

X

X

x

x

ochre

GD-03a

X

X

X

x

x

crust

GD-12

X

X

X

x

x

crust

GD-11

X

X

X

crust

GD-10a

X

X

x

X

crust

GD-10b

X

X

core, 0cm

GD-site2a

X

X

X

x

x

x

x

x

x

x

core, 10 cm

GD-site2b

X

X

X

x

x

x

x

x

x

x

core, 40 cm

GD-site2f

X

X

X

X

X

x

X

x

x

x

x

core, 50 cm

GD-site2e

X

X

X

x

x

x

X

x

x

x

x

transect

GD-T4a

X

X

X

x

X

x

x

x

transect

GD-T4b

x

X

x

x

x

transect

GD-T4c

x

X

x

x

x

transect

GD-T3a

x

X

x

x

x

transect

GD-14

X

x

x

x

transect

GD-15

x

x

transect

GD-T2c

transect

GD-T2e

x

x

transect

GD-T1a

x

x

transect

GD-T5c

x

x

x

x

transect

GD-T5e

x

X

x

x

x

transect

GD-T5g

x

X

x

x

transect

GD-21

transect

GD-22

terrace

GD-19

x

x

terrace

GD-20

X

x

evaporite

GD-01

X

evaporite
evaporite

GD-02
GD-03

X
x

shale

GD-25

x

X

x

shale

GD-26b

x

X

x

shale
shale

GD-26d
GD-pit2a

shale

GD-pit2b

x
X

x

x

Ms

Ill

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

x

X

x

x

X

x

x

x

x

X

x

x

Gis

x

x

x

x

X

x

x

x

X

x

x

x

x

X

x

x

x

x

X

x

x

x

x

x

x

x

x

x

x

x

x

x

x

X

x

x

x

X

x

x

x

x

X

x

x

x

x

X

x

x

x

x

X

x

x

x

X

x

X

X

Other minerals

x

x

x

X

x

x

x

Rt

x

Pl

x
Ferrihydrite

Anhydrite

Hexahydrite,
thenardite, vauxite,
fibroferrite

x
x

x

x

x

X
X
X

x

x

x

x
x
x

Alunogen, nacrite,
douglasite

x

Nacrite, alunogen

*Njrs = natrojarosite (NaFe3+3(SO4)2(OH)6), Jrs = jarosite (KFe3+3(SO4)2(OH)6), Hjrs = hydronium jarosite
((H3O)Fe3+3(SO4)2(OH)6), Gt = goethite (Fe3+O(OH)), Gp = gypsum (CaSO4·2H2O), Hem = hematite
(Fe2O3), Qtz = quartz, Pl = plagioclase, Rt = rutile, Ms = muscovite, Ill = illite, Gis = gismondine. Also
ferrihydrite (Fe5O7(OH) ·4H2O), anhydrite (CaSO4), hexahydrite (MgSO4·6H2O), thenardite (Na2SO4),
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vauxite (Fe2+Al2(PO4)2(OH)2·6(H2O)), fibroferrite (Fe3+(SO4)(OH)·5(H2O)), alunogen (Al2(SO4)3·17H2O),
nacrite (Al2Si2O5(OH)4), and douglasite (K2Fe2+Cl4·2H2O).

2.4.1.3

Core

Sediments within the core were mostly comprised of a homogeneous yellow-ochre,
similar in appearance to the surface of the GD. The four core samples contain
natrojarosite, jarosite, and hydronium jarosite, with minor hematite, goethite and gypsum
in the upper three samples, and larger amounts in the deepest sample. Minor quartz is
present in the upper two samples, with more quartz in the lower two. Minor rutile,
muscovite, and illite are present in all samples, and minor plagioclase is found in the
deepest two samples (40 and 50 cm). Goethite, gypsum, and hematite abundances
increase with depth, with the relative amount of jarosite decreasing with depth. Quartz
and plagioclase abundances also increase with depth. A layer of sandy gravel was
observed at approximately 45 cm depth (Table 2.2, Figs. 2.2c, 2.4).
2.4.1.4

Terraces and microbial filaments

The single sediment sample from a terrace (GD-20) contains natrojarosite and quartz,
with minor jarosite, goethite, plagioclase, rutile, and muscovite. The single sample of a
sediment-coated streamer (biofilament; GD-19) has nearly the same mineralogy, differing
only in increased quartz abundance, and decreased natrojarosite abundance (Table 2.2,
Figs. 2.2g, h, 2.4).
2.4.1.5

Transects

Samples and test pits from transects show that jarositic sediments extend beneath the
vegetation out to a radius of 20 to 30 m away from the main deposit to the west and
north, and up to 70 m away to the east. These sediments persist to a depth of roughly 50
cm, and are mixed with organic debris (peat, plant matter). Mineral abundances vary
greatly. Most samples contain jarosite, six contain natrojarosite, seven contain hydronium
jarosite (four of these also contain natrojarosite, and two contain gypsum), nearly all
samples contain minor goethite, three contain gypsum, three contain hematite, one
contains ferrihydrite (Fe5O7(OH)·4H2O), and one contains anhydrite. Most samples
include significant quartz and minor plagioclase, rutile, and muscovite, and four samples
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contain gismondine. There is a general decrease in natrojarosite, jarosite, and goethite
with distance from the GD. Gypsum and ferrihydrite appear furthest out from the GD,
and quartz and feldspars generally appear in increasing abundances further from the
deposit (Table 2.2, Figs. 2.2d, 2.4).
2.4.1.6

Evaporitic salt crusts on vegetation

Of the three samples of evaporated minerals on plant leaves and soil, two contain only
gypsum, and the other contains significant proportions of the sulfates thenardite (Na2SO4)
and hexahydrite (MgSO4·6H2O), as well as minor gypsum, vauxite
(Fe2+Al2(PO4)2(OH)2·6(H2O)), and fibroferrite (Fe3+(SO4)(OH)·5(H2O); Table 2.2, Fig.
2.2e).
2.4.1.7

Shale

The five samples of the shale unit outcropping immediately west of the GD (pyritebearing unit “C”; Yorath and Cook, 1981) are composed largely of quartz, clay minerals
and small amounts of jarosite. Weathered yellow patches within the shale are composed
of quartz, jarosite, goethite, muscovite mica, and possibly alunogen (Al2(SO4)3·17H2O),
nacrite (Al2Si2O5(OH)4), and douglasite (K2Fe2+Cl4·2H2O). Weathered orange patches
contain quartz, jarosite, and mica, and red patches are composed of quartz, possible
nacrite, mica, hematite, goethite, rutile, feldspar, and clay minerals (Table 2.2, Figs. 2.2f,
2.4). Pyrite was not detected, although it is known from drill core collected by oil
companies to be present elsewhere in this unit (Yorath and Cook, 1981).
2.4.2

Whole rock major and trace elemental analysis

The most abundant major elements (expressed as oxides), forming approximately 68% by
mass of most samples, are Fe2O3, SiO2, K2O, Na2O and Al2O3 (Table 2.3). All samples
contain a large amount of Fe2O3 (19 to 50 %), with elevated abundances at the acidic
seep site, and reduced amounts with distance from the GD. SiO2 is the next most
abundant oxide, and its content increases with distance from the GD, and is lowest at the
acidic seep site. As with Fe2O3, K2O is present in greater quantities at the acidic seep site,
and in reduced quantities with distance from the GD. Na2O differs from all other oxides
in that abundances are neither increased nor reduced at the acidic seep site, but are
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slightly elevated in the ochre and crust sediment samples. Like Fe2O3 and K2O, Na2O
decreases with distance from the deposit. Like SiO2, all other major element oxides
(Al2O3, MgO, CaO, TiO2, P2O5, MnO, and Cr2O3) increase in concentration with distance
from the GD, and generally decrease at the acidic seep site. Most trace element
concentrations increase with distance from the GD (Ba, Sr, Zr, Y, Sc), and decrease at the
acidic core sample site, except Ni and Nb, which have increased abundances at the acidic
core sample site. Total C increases with distance from the GD, and decreases at the acidic
core sample site, and in the dried surficial crust. Total S is slightly elevated above the
acidic seep site, and decreases with distance from the GD. Calculations using this data
indicate that normative jarosite constitutes approximately 48 weight % of two
representative ochre (GD-23) and crust (GD-10a) samples, and approximately 28 weight
% of a transect (GD-T4a) sample.
Table 2.3. ICP-ES major oxide and trace element results (LiBO2/Li2B4O7 fusion
ICP-ES analysis) from Acme Analytical Laboratories, Ltd. Total Fe is reported as
Fe2O3. Reported in weight % or ppm as indicated.
Analyte

SiO2

Al2O3

Fe2O3

MgO

CaO

Na2O

K2O

TiO2

P2O5

MnO

Cr2O3

Unit

%

%

%

%

%

%

%

%

%

%

%

MDL

0.01

0.01

0.04

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.002

GD-23

11.39

1.48

47.13

0.08

0.03

2.34

2.32

0.10

0.07

<0.01

0.004

GD-10a

14.77

1.73

45.00

0.09

0.07

2.33

2.31

0.14

0.06

<0.01

0.003

GD-site2a

8.22

0.96

50.10

0.09

0.03

2.29

3.37

0.08

0.06

<0.01

0.006

GD-site2f

10.74

1.12

50.30

0.06

0.12

1.92

3.41

0.11

0.07

<0.01

<0.002

GD-T4a

23.73

4.38

39.97

0.28

0.09

1.54

2.19

0.28

0.10

0.02

0.005

GD-T4c

38.80

9.88

19.24

0.62

0.59

0.43

1.42

0.37

0.30

0.09

0.010

Analyte

Ba

Ni

Sr

Zr

Y

Nb

Sc

LOI

Sum

TOT/C

TOT/S

Unit

PPM

PPM

PPM

PPM

PPM

PPM

PPM

%

%

%

%

MDL

5

20

2

5

3

5

1

-5.1

0.01

0.02

0.02

GD-23

192

<20

39

37

<3

<5

2

35.0

99.98

1.25

8.73

GD-10a

207

<20

42

88

4

<5

2

33.4

99.96

0.79

8.39

GD-site2a

133

37

35

41

3

14

1

34.8

99.99

0.73

9.82

GD-site2f

159

<20

41

85

4

<5

1

32.1

99.99

0.70

8.67

GD-T4a

373

<20

56

121

10

<5

4

27.3

99.98

1.48

5.05

GD-T4c

525

24

68

187

28

7

15

28.1

99.94

8.54

0.21

Sample

continued...
Sample
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2.4.3

Spectral analysis

Ultraviolet-visible-near-infrared (UV-Vis-NIR) reflectance spectra were acquired on 48
of the sediment samples. Results confirm that the GD is dominated by jarosite and
natrojarosite. Given the relative spectral brightness and depth of the Fe3+ absorption
features in jarosite/natrojarosite, other mineral phases are largely masked. Other mineral
phases can, however, be seen in spectra of a few individual samples; particularly those
containing hematite/goethite. Both jarosite and natrojarosite can be identified by their
characteristic absorption features associated with Fe3+ and overtones of the vibrational
features of OH and S-O bonds. While distinguishing the two is possible in high resolution
laboratory spectra, spectra of the two obtained remotely would likely result in the two
being spectrally indistinguishable. The absorption features from 0.4 to ~ 1.3 µm are
produced by Fe3+ 6A1g spin-forbidden ligand field transitions in iron atoms that are linked
through edge or corner-shared Fe3+ (O/OH)6 octahedra (Rossman, 1976; Sherman and
Waite, 1985). In both jarosite types, Fe3+ absorption bands with minima at ~0.43, 0.50,
0.63 and 0.92 µm are a result of these transitions. The absorptions at 1.47 and 1.53 µm
are attributed to 2νOH overtones of O-H stretching fundamentals occurring from 2.803.15 µm, while the absorptions from ~ 1.80 through 2.50 µm are the result of
combinations of the overtones of OH stretching, adsorbed H2O stretching and O-S-O
bending fundamentals (Cloutis et al., 2006b).
The acquired spectra of the GD samples are all point spectra of samples prepared as
detailed in the analytical techniques section. As such, individually they are not
representative of the whole site. To produce a spectrum akin to that which would be
acquired by an orbital instrument we have produced a representative spectrum via a linear
mixture of the spectra of 21 of the surficial samples collected. This spectrum contains
features only of natrojarosite, despite the fact that some of the individual spectra
contained features of other minerals.
2.4.4

Water chemistry

Water pH measurements taken in situ vary from 2.2 to 5.7 within the deposit and up to
6.7 in Pond 2, southeast of the deposit. Lowest pH values are correlated with seep sites,
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and pH often varies significantly over short distances depending on proximity to acid
seeps. The most acidic waters occur directly above seep sources, and acidity typically
decreases sharply downstream. For example, a pH of 2.2 was measured immediately
above one seep, and several metres downstream pH was 5.2. pH is lowest toward the
southwest edge of the deposit, and is higher in small ponds surrounding the GD. In
general, pH increases to nearly neutral along transects radially outward from the deposit
(Fig. 2.5a, Table 2.4). However, a few sites with pH measurements of 2.2 to 4.0 were
identified up to approximately 40 m distance from the deposit. In addition, water samples
were taken from each of the 5 main sites, as well as Pond 2 at the southeast outflow of the
deposit, and pH was measured back at base camp at the end of the day. By this method,
pH was found to be lowest at sites 2 and 3, at 2.8 and 3.1, respectively, and highest at Site
4 (5.2) and Pond 2 (6.7).
Water temperatures measured in situ vary independently from pH, and range from 2.8 ºC
to 10.2 ºC. Maximum temperatures were recorded at the north end of the GD (up to 10.2
ºC), and the southwest edges of the deposit, in and around Pond 1 (up to 10.0 ºC). In
general, temperatures are highest in association with seeps, and at the edge of the deposit,
decreasing slightly inside the deposit (down to ~6.0 ºC), and decreasing significantly with
radial distance outward from the deposit to a minimum of 2.8 ºC (Fig. 2.5b).
Conductivity values, also measured in situ, range from 0.01 to 10.3 mS/cm. In some ways
trends do not seem to be correlated with seep site location, as maximum, minimum, and
moderate conductivity values were all measured at seep sites (Fig. 2.5c). However,
conductivity trends are similar to temperature trends in that conductivity is generally
lowest in the middle of the deposit, and higher around the edge of the deposit.
Water chemistry results are shown in Table 2.4. Hardness (dissolved total Ca) and
conductivity are both highest at Site 2 (3370 mg/L and 6300 μS/cm, respectively),
followed by Site 3, then Pond 2, with minimum values at Site 5 (122 mg/L and
274 μS/cm, respectively). Of the anions, SO42- is most abundant. SO42- and Cl− anions
follow the same patterns as hardness and conductivity, with greatest concentrations at
Site 2 (4170 and 18.3 mg/L, respectively) followed by Site 3, then Pond 2, with minimum
values at Site 5 (111 and 0.7 mg/L, respectively). Fluoride concentrations are less than
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1 mg/L and do not follow this pattern. Of the metals S is most abundant, followed by Mg,
Na and Ca. Sulfur, Mg, Ca, and Na also show the same pattern as hardness and
conductivity, with greatest amounts at Site 2 (1596, 475, 343, and 426 mg/L,
respectively) followed by Site 3, then Pond 2, with minimum values at Site 5 (27.8, 12.1,
14.9, and 2.9 mg/L, respectively). Fe is next most abundant, followed by Si, K, and Al.
Antimony, B, Mn, and Sr all have maximum concentrations of less than 5.0 mg/L, and
follow the same trends as hardness and conductivity, with maximum values at Site 2,
followed by Site 3, then Pond 2, with minimum values at Site 5. Aluminum and Fe do not
follow the same pattern as major ions. Al is most abundant at Site 3 (16.9 mg/L) followed
by sites 1 and 4, with a minimum value at Site 5 (0.5 mg/L). Fe concentrations are
highest at Site 2 (309 mg/L), Site 5 (18.4 mg/L), and Site 3, and lowest at Site 4
(5.81 mg/L). Silicon is most abundant at sites 3 and 2 (19.5 and 14.1 mg/L, respectively).
Potassium concentration differs slightly in that it is most abundant at Site 2 (20.1 mg/L),
followed by Pond 2 (3.8 mg/L) and then Site 3 (0.9 mg/L), with a minimum value at sites
4 and 5 (0.3 mg/L). Phosphorus and total N follow roughly the same trend as hardness
and conductivity with maximum values of 2.8 and 15.3 mg/L at Site 2, and minimum
values of 0.2 mg/L at Site 5 and 0.9 mg/L at Site 4. Dissolved inorganic C (DIC) and
dissolved organic C (DOC) do not follow the same trends as anything else. DIC is most
abundant at Pond 2 at 5.0 mg/L, and DOC is most abundant at Site 4 (22.9 mg/L) and
Site 1 (17.2 mg/L).
In summary, Site 2 is most acidic, richer in anions, and has the highest conductivity and
hardness. Site 3 is the second most acidic location and has the second highest anion
concentrations, conductivity, and hardness. From here, acidity and ionic concentrations
(plus conductivity and hardness) diverge. pH increases from Site 3, through sites 5, 1, and
4, and Pond 2 has the highest pH. Alkalinity trends follow those of pH. Ionic
concentrations, conductivity, and hardness decrease from Site 3 to Pond 2, followed by
Site 1, Site 4, and finally Site 5. The only metals that do not follow these trends exactly
are Al, Fe, K, and Si. Dissolved inorganic carbon is most abundant in Pond 2, consistent
with highest alkalinity and pH. Dissolved organic carbon is most abundant at sites 4, 1,
and 3, which does not follow any other noted water chemistry pattern.
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Figure 2.5. A. pH map of the Golden Deposit; B. Map of water temperatures
(reported in °C); C. Conductivity map (reported in mS/cm).
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Table 2.4. Water chemistry data for Sites 1-5 and Pond 2, as measured by the
Environment Canada, Pacific Environmental Science Centre (PESC) in Vancouver,
Canada.
Chloride
(Cl)

Fluoride
(F)

Sulfate
(SO4)

mg/L

mg/L

mg/L

Site 1
Site 2
Site 3
Site 4
Site 5

Alkalinity,
Total
mg
CaCO3/L
16.2
< 0.5
< 0.5
< 0.5
0.6
< 0.5

2.1
1.3
18.3
3.6
1.0
0.7

0.07
0.08
0.17
< 0.01
0.17
0.08

743
305
4170
2770
148
111

MEAN
MEDIAN
MAX
MIN

8.4
8.4
16.2
<0.5

4.5
1.7
18.3
0.7

0.11
0.08
0.17
0.07

Site 1
Site 2
Site 3
Site 4
Site 5

mg/L
0.06
0.02
0.52
0.32
0.01
< 0.01

Calcium
(Ca)
mg/L
91.4
29.5
343
227
20.0
14.9

MEAN
MEDIAN
MAX
MIN

0.19
0.06
0.52
<0.01

Conductivity

Aluminum
(Al)

Antimony
(Sb)

µS/cm

mg/L

mg/L

6.67
4.14
2.78
3.07
5.23
4.04

1320
616
6300
4260
354
274

0.19
1.86
1.07
16.9
1.42
0.50

0.05
< 0.05
0.39
0.23
< 0.05
< 0.05

1375
524
4170
111

4.32
4.09
6.67
2.78

2187
968
6300
274

3.66
1.25
16.9
0.19

0.22
0.23
0.39
<0.05

Iron
(Fe)
mg/L
8.49
7.08
309
11.3
5.81
18.4

Magnesium
(Mg)
mg/L
84.4
40.1
475
373
26.2
12.1

Manganese
(Mn)
mg/L
0.737
0.647
4.19
3.98
0.446
0.13

Phosphorus
(P)
mg/L
1.2
0.6
2.8
2.3
0.4
0.2

Potassium
(K)
mg/L
3.8
0.5
20.1
0.9
0.3
0.3

Silicon
(Si)
mg/L
4.23
4.44
14.1
19.5
4.04
3.17

121
60.5
343
14

60.0
9.90
309
5.81

168
62.3
475
12.1

1.69
0.69
4.19
0.13

1.3
0.9
2.8
0.2

4.3
0.7
20.1
0.3

8.25
4.34
19.5
3.17

Strontium
(Sr)
mg/L
0.043
0.022
0.039
0.047
0.021
0.015

Sulfur
(S)
mg/L
239
100
1596
1030
57.8
27.8

Dissolved
total - calc.
mg/L
593
260
3370
2190
174
122

*DIC

DOC

TN

TP

Site 1
Site 2
Site 3
Site 4
Site 5

Sodium
(Na)
mg/L
80.7
19.2
426
322
7.4
2.9

mg/L
5.0
< 0.5
0.6
0.6
< 0.5
0.8

mg/L
9.8
17.2
6.2
13.6
22.9
11.7

mg/L
1.76
1.27
15.3
8.82
0.90
1.58

mg/L
0.007
0.012
0.011
0.011
0.008
0.017

MEAN
MEDIAN
MAX
MIN

143
50.0
426
2.9

0.031
0.035
0.047
0.015

508.4
169.5
1596
27.8

1118
427
3370
122

1.8
0.7
5.0
0.6

13.6
12.7
22.9
6.2

4.94
1.67
15.3
0.90

0.011
0.011
0.017
0.011

Pond 2

Boron (B)

Pond 2

pH

Hardness,

Pond 2
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2.5

Discussion

2.5.1

Physical trends and implications for mineralogy and microbiology

2.5.1.1

Water pH and implications for mineralogy

The sharp increases in pH noted with short distances from seep sites are likely due to
dilution by active layer water and consumption of hydronium by hydronium jarosite and
jarosite precipitation. Correspondingly, the greatest concentrations of hydronium jarosite
are found at the most acidic sites (sites 2 and 3), in addition to illite, gypsum and
hematite. The latter two minerals are capable of forming under low pH conditions
(Zolotov and Shock, 2005), but are not restricted to low pH depositional environments.
Increased Na and Ca are also noted in water at sites 2 and 3, and although Fe, K, and S
are not elevated in water, Fe2O3, K2O, and S are elevated in sediments at these sites,
suggesting K in water is being consumed in jarosite production. The pH may be lowest
toward the southwest edge of the deposit because this area does not lie along the main
flow path of the active layer water, which flows from the northwest stream to the
southeast pond. Therefore, acidic waters do not get as diluted here. It is also possible that
there are more seeps in this area, introducing more acidic water. In general, pH increases
radially outward from the deposit, somewhat correlating with decreasing jarosite in soils.
pH increase is most notable where seep waters are diluted with pond water. The fact that
a few sites with pH measurements of 2 to 4 were identified approximately 30 m from the
deposit suggests that there may still be a few active seep sites beneath the vegetation. It is
not known whether these are older seep sites still persisting, or if these are new seep sites,
which may eventually kill off the overlying vegetation.
2.5.1.2

Temperature and conductivity trends

Maximum temperatures are measured in some of the deepest ponds at the north end and
southwest corner of the GD, presumably because of increased thermal inertia due to
water depth, and heating by sunlight. In general temperatures are higher around the edge
of the deposit; perhaps due to shallow bodies of still water being heated by the sun.
Temperatures are also higher than average at seep sites and in shallow streams, likely
reflecting day time heating, or water may be slightly heated in the subsurface, despite the
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permafrost environment, perhaps due to exothermic pyrite oxidation at depth. More
information is needed to confirm this hypothesis. Gypsum is most often found at sites
with colder temperatures (at the base of the 50 cm core and in pits dug along transects),
but otherwise mineralogy trends seem to be independent from temperature. Conductivity
trends are subtle, but generally correspond with temperature trends. GD conductivity
values range from 0.01 mS/cm (roughly that of very pure water, perhaps snowmelt) to
10.3 mS/cm (roughly one third that of seawater).
2.5.1.3

Implications for life

Temperature, pH, and conductivity ranges are all within acceptable limits for harbouring
life during the summer; however, winter air temperatures are below 0 °C, and can be as
low as -52 °C (Table 2.1). It is expected that the GD system freezes each winter, unless
pyrite oxidation in the subsurface warms waters sufficiently to maintain perennial flow
through the system, but we currently do not have sufficient data to confirm or refute this.
Visual observations of microbial filament and diatom communities by the field team, and
phospholipid fatty acid analyses confirm that the GD is capable of supporting life for at
least part of the year. Preliminary evidence indicates the widespread habitability of the
GD by sulfate reducing bacteria (SRB) and a variety of other microbial organisms.
Mineral by-products of SRB’s were not observed, but could exist in abundances too small
to be observed with XRD, or in an amorphous form of FeS, which would be undetectable
by XRD. Finally, although biochemical oxidation of pyrite is suspected to significantly
accelerate reactions in the subsurface beneath the GD (van Everdingen et al., 1985), it is
not a required mechanism for pyrite dissolution, either on Earth or Mars.
2.5.2

Mineralogy trends

2.5.2.1

Jarosite and natrojarosite

Both jarosite (KFe3+3(SO4)2(OH)6) and natrojarosite (NaFe3+3(SO4)2(OH)6) have been
identified in varying proportions within most samples, as well as hydronium jarosite
((H3O)Fe3+3(SO4)2(OH)6) in some samples. This is not unexpected, as the alunite
supergroup of minerals, including Na, K, and H3O jarosite, show extensive solid solution
(e.g., Basciano and Peterson, 2007; Brophy and Sheridan, 1965). It was originally
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reported that the GD contained natrojarosite (Michel, 1977), and subsequently reported
that the GD was composed primarily of jarosite (Michel and van Everdingen, 1987), but
it is now clear that both forms of jarosite are present and have likely coexisted within the
deposit for at least several decades, as indicated by unchanging water chemistry results
from 1975 to present. Natrojarosite will only precipitate after K has been depleted (van
Breemen, 1973), and hydronium jarosite most commonly precipitates in very acidic
environments (Basciano and Peterson, 2007). Thus, hydronium jarosite is expected and
observed at most acidic seep sites, and natrojarosite is expected to form after jarosite
precipitation has used up K in water, explaining why Na- and K- jarosite are commonly
found together. This also explains why ICP-ES results show nearly equal amounts of
Na2O and K2O in most samples, yet waters are clearly enriched in Na relative to K.
Acidic sulfate soils in western and northern Canada are typically comprised of
natrojarosite in greater abundance than jarosite (Ross and Ivarson, 1981), suggesting that
overall, present-day groundwater in the region is likely richer in Na than K, as observed
at the GD.
2.5.2.2

Shale and detrital minerals

Pyrite is expected, yet has not been identified, in the shale unit outcropping west of the
GD. This shale outcrop is at surface and highly weathered, therefore, it is not surprising
that no fresh sulfides were seen in that outcrop exposure. It does not mean that no
sulfides exist in the unit as a whole and at depth. It is presumed that pyrite has been
altered to jarosite here by a process similar to the one in the subsurface beneath the GD.
Along transects outward from the margins of the GD quartz, feldspar, mica, rutile, and
clays are all found in greater abundances than within the GD. Throughout the site
samples containing quartz almost always contain plagioclase, rutile, and phyllosilicates.
This combination suggests that quartz crystals are more likely detrital than authigenic. It
is thus assumed that these minerals are from the underlying shale or glacial till and have
made their way up through the GD by frost action (heaving). This process forms mud
boils in extreme cases, which would also disrupt any evidence of layering in the GD.
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2.5.3

Spatial trends

2.5.3.1

Trends at surface

The mineralogy results presented here for GD crust samples differ from the results
presented by Michel and van Everdingen (1987). These authors reported that crust
samples collected in 1975 consisted of 56% goethite, 27% silicates, 9% jarosite, and 8%
gypsum. In samples from the present study, amounts of goethite are not noticeably larger
in these samples than in many of the ochre samples, nor are jarosite amounts noticeably
smaller, and gypsum is not observed. Crust samples observed in this study were generally
enriched in Na relative to wet ochre samples. Only one pH measurement, of 2.9, was
reported in 1975, which is consistent with present-day pH at seep sites. Thus, one
possible explanation is that the 1975 crust samples were collected at locations with higher
pH than 2008 sample sites. Higher pH could have led to stabilization of goethite and
gypsum, and dissolution of jarosite (Zolotov and Shock, 2005). Alternatively, there could
have been a higher water to rock ratio in the past, which would have caused a conversion
of jarosite to goethite (Zolotov and Shock, 2005). Given the 15 year residency time for
seep water at the GD (Michel and van Everdingen, 1987), precipitation in the 15 year
period preceding 1975, and the 15 year period preceding 2008 were compared. Total
precipitation from 1960 to 1975 was 5500.4 mm, with an average monthly total of 343.8;
total precipitation from 1993 to 2008 was lower at 4509.0 mm, with a monthly average
total of 281.8 mm. This data supports the hypothesis that a higher water to rock ratio in
the past could have caused conversion of jarosite to goethite. A third possibility,
however, is that the differences may simply be a reflection of the small number of
samples collected. Differences are most likely due to a combination of factors: the 2008
samples were taken at slightly greater depths, and from locations that were probably
closer to seeps. Thus pH was lower and jarosite more stable in the 2008 crust samples
than the original samples.
2.5.3.2

Trends with depth

Caution must be exercised in determining trends with depth, as only one core sample was
taken. With this in mind, we note that concentrations of goethite, gypsum, and hematite
increase with depth, with the relative amount of jarosite correspondingly decreasing with
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depth. According to the pH-Eh-hydration path for Fe-sulfide weathering, there is a
natural progression towards goethite and hematite (Jerz and Rimstidt, 2003). Increased
pH also stabilizes gypsum (Zolotov and Shock, 2005). Thus, it might be assumed that
goethite and gypsum abundances would increase with weathering of exposed surfaces
and, therefore, increase at the surface and decrease with depth, as was observed in crusts
by Michel and van Everdingen (1987). Likewise, if hematite were to form through
dehydration of goethite, for example through desiccation of the GD due to an especially
dry summer, or heating (although heating sufficient to drive off water is unlikely at the
GD), it would be expected to appear in areas of decreased saturation, more likely to occur
at the surface than at depth. We hypothesize that the GD is building layers upwards, as
seeps penetrate up through older materials to the surface to continuously deposit freshly
precipitated material on top. The vertical trends observed in mineral concentration at this
single site may be the result of past surface or shallow subsurface alteration or
dehydration of jarosite phases that were previously precipitated on the surface and have
been buried.
Despite our hypothesis that the GD is precipitating jarosite upward in layers, visual
evidence of layering has not been noted. It is also unclear how material is currently being
deposited in drier portions of the GD, if layers are built up from seeps. Channels account
for some lateral transportation of material, but at least half of the GD surface is currently
relatively dry and untouched by channels. The GD could be covered by water during the
spring melt, which may provide a mechanism for sediment transport. Alternatively, seep
locations may have changed over the years, accounting for this deposition.
2.5.3.3

Trends radially outward from GD

Transect samples were analyzed to determine whether or not jarosite is present beyond
the main exposed deposit. Assuming jarosite layers were deposited on the surface as
opposed to at depth, the presence of jarositic soils extending beneath vegetation and
outward from the main deposit may indicate the system has been active for at least as
long as it took the oldest trees to grow. However, it is also possible that jarosite was
deposited beneath surrounding vegetation, including trees, although there is no visual
evidence that plant health has been affected adversely. The GD appears to be situated on
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top of a glacial till that would have been exposed to weathering for a period of time after
deglaciation and prior to the formation of the GD. Constraining the age of the deposit is
the subject of ongoing work.
Samples taken from transects were found to have a similar composition to the samples
within the main deposit, but in differing proportions. More gypsum and less jarosite and
natrojarosite are noted with increasing distance from the exposed GD, suggesting that
gypsum is preferentially precipitated over jarosite, that jarosite is altering and
contributing sulfate to gypsum deposition, or that Fe has been used up. In addition, two
transect samples were analyzed for oxides. Although it is difficult to draw conclusions
from only two samples, a few trends have been observed. K2O is more abundant in the
two transect samples than Na2O, suggesting less Na2O is present outside of the exposed
deposit than within the deposit, and perhaps the chemistry of the GD has changed over
time. MgO and CaO are also enriched in transect samples relative to the GD, in addition
to SiO2, Al2O3, and TiO2 (likely from detrital minerals). Overall, there is less Fe2O3,
Na2O, and K2O in transects; this may simply be in response to the increased
concentrations of SiO2, Al2O3, and TiO2.
The increase in pH along transects suggests that seeps are not currently active outside of
the main deposit, except in a few isolated cases. Thus, the acidic conditions characteristic
of the GD site are isolated from the surrounding environment. Beyond a radius of
approximately 70 m from the GD, water pH, temperature, and soil mineralogy are not
influenced by acidic groundwater, and no other jarosite patches have been observed in the
surrounding area.
2.5.4

Temporal trends

Recent aerial surveys of the GD have revealed few discernible physical changes in the
deposit since it was last surveyed over 30 years ago. It seems that the deposit has
increased in size, as dimensions were measured at 126 × 46.5 m in the 1970s, and
dimensions from this study were measured as 140 m × 50 m. Water chemistry data
reported in 1987 (Michel and van Everdingen) is similar to water chemistry presented
here, suggesting that the chemistry of the system has been relatively stable over the past
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few decades. One notable difference was the smaller quantity of evaporitic salt crusts
deposited around the edges of the deposit and on leaves of plants, than previously
observed. Michel and van Everdingen (1987) originally observed these encrustations on
September 15th, 1975, and suggested that they form through the evapotranspiration of
saline groundwater. Perhaps fewer were witnessed on September 13th and 14th, 2008
because of dissolution of evaporitic crusts by recent rainfall. Air temperature and
precipitation records from the Environment Canada (2010a) database for Norman Wells
indicate double the amount of rain in 2008 compared to 1975 for the 45 day period prior
to the site visits, and that temperatures in 2008 were cooler by 5 °C.
2.5.5

Implications for Mars

2.5.5.1

Spectral identification of jarosite from orbit

Spectrally and mineralogically the GD is dominated by jarosite and natrojarosite. The
spectrum we produced by a linear mixture of spectra of the 21 surficial samples is
analogous to a spectrum that could be acquired by an orbital instrument flying over a
jarositic deposit on the surface of Mars (Fig. 2.6), and thus it can be used as ground truth
for the Compact Reconnaissance Imaging Spectrometer for Mars (CRISM). This works
particularly well when sulfate minerals are dominated by jarosite, due to the stability of
jarosite under martian conditions. According to Cloutis et al. (2008), most terrestrial
sulfates experience some shift in absorption features when exposed to martian
atmospheric conditions for days to weeks; however, jarosite does not change owing to its
thermodynamic stability on Mars (Navrotsky et al., 2005). Thus, the GD linear mixture
spectrum can be directly compared to smoothed CRISM spectral data published by
Farrand et al. (2009) from an ovoid patch in the Mawrth Vallis region of Mars (Fig. 2.7),
interpreted to be dominated by the presence of jarosite or natrojarosite. Both show
jarosite absorption features at 2.26 and 2.46 µm, and other minerals are masked. As has
been learned from discoveries by the Mars Exploration Rovers, spectra with the relative
coarseness of orbital imagery are only useful for identifying the major mineralogy and
drawing coarse-scale conclusions. This especially applies when spectra are obtained from
jarosite-dominated locations. Therefore, spectral analysis has limitations as a remote
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Figure 2.6. Representative UV-Vis-nIR reflectance spectrum of the GD, to simulate
perspective of an orbital instrument, obtained via linear mixture of the spectra of 21
surficial samples. Arrows indicate absorption features centered at 2.265 and 2.46
µm, which correspond to absorption features in the Mawrth Vallis spectra shown in
Figure 2.7. Rectangle indicates spectral range shown in Figure 2.7.

sensing technique, and ground-truthing is very important to gain a detailed understanding
of a jarositic site of this nature. For regions of Mars where the only current mineralogical
data set is remote spectra from orbit (most of the planet), we are likely missing many
other intermingled minor mineralogical components, which may significantly help to
explain geological, hydrological, and potentially biological colonization of any given
area.
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Figure 2.7. Smoothed CRISM spectrum from the ovoid jarosite deposit in Mawrth
Vallis (modified from Farrand et al., 2009). FRT refers to the fact that spatial
resolution of this spectrum is in “full resolution targeted” mode, at 15–19 m/pixel.

2.5.5.2

Comparison to jarosite on Mars

The basic ingredients needed to create a surficial jarosite patch on Mars similar to the
Golden Deposit are: 1. Fe-sulfides at depth, 2. groundwater circulation and upwelling,
and 3. arid, oxidizing surface conditions. There is evidence for all three ingredients in or
on Mars at a planetary scale. Although permafrost does not seem to be a required
ingredient it does not inhibit surficial jarosite precipitation. Meteorite evidence
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demonstrates the occurrence of Fe-sulfides in the martian subsurface (E.g., McSween and
Treiman, 1998; Treiman, 2003). There is abundant evidence for the past presence of
surface water on Mars, particularly during the Noachian, and it is likely that some form
of groundwater circulation occurred in the past, and may persist to the present (Squyres et
al., 2004a; Bibring et al., 2006). Finally, oxidizing conditions prevail on the surface of
Mars.
The GD represents an intriguing analogue to past aqueous processes and habitability at
both Meridiani Planum and Mawrth Vallis, as mineralogy, groundwater, permafrost
conditions, and arid conditions at the time of deposition are potentially comparable.
Mineralogy of the GD is very similar to that of Meridiani Planum, as determined using
data from the Mars Exploration Rover Opportunity. Meridiani Planum features jarosite
plus Mg- and Ca-sulfates, in addition to hematite spherules (Christensen et al., 2004;
Klingelhofer et al., 2004; Squyres et al., 2004a; Squyres et al., 2006), while GD features
jarosite plus Ca-sulfates and iron-oxide deposits. The 3 × 5 km ovoid jarositic deposit at
Mawrth Vallis was discovered using data from the Mars Reconnaissance Orbiter (MRO)
Compact Reconnaissance Imaging Spectrometer for Mars (CRISM) hyperspectral
imager. It sits within a depression in layered terrains and has surficial polygonal fracture
patterns (Farrand et al., 2009). This ovoid patch features thin ferric oxide coatings, which
may be goethite on jarosite. GD is similar in terms of mineralogy, as well as scale and
appearance to the jarosite deposit at Mawrth Vallis. Observations of sulfate-rich
sedimentary rocks from microscopic to orbital scales suggest that ancient Meridiani
Planum once had abundant acidic, sulfate-rich groundwater, arid and oxidizing surface
conditions, and occasional liquid flow on the surface, followed by a period of evaporation
and desiccation (Squyres et al., 2004a). The same groundwater and environmental
conditions could be inferred for Mawrth Vallis; however, less is currently known about
this site, as observations are restricted to orbital data. While the origin of the Fe/Mgphyllosilicate-bearing unit underlying the ovoid jarosite patch at Mawrth Vallis cannot be
determined from orbital data, it may be sedimentary in nature (Michalski et al., 2010).
Thus, it may be directly comparable to the sedimentary bedrock beneath the GD, which
once contained pyrite (although, sedimentary rocks are not a requirement for the
occurrence of similar jarosite deposition mechanisms). The possibility of Fe-sulfides at
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depth at Mawrth Vallis could suggest a similar jarosite formation mechanism through Fesulfide oxidation by upwelling acidic groundwater and precipitation at the surface.
If the Mawrth Vallis jarosite patch was formed by upwelling of acidic groundwater and
subsequent precipitation of sulfates, this could provide more incentive to explore Mawrth
Vallis. This region could offer even more than previously thought in terms of potential
evidence of aqueous paleoenvironments and past habitability. It has been suggested that
Mawrth Vallis is an ideal place to search for organics preserved in phyllosilicates during
Mars’ earlier alkaline aqueous period (Michalski et al., 2010), and that sulfate deposits
could provide information about a later acidic saline aqueous period on Mars (Bibring et
al., 2006). Regardless of the temporal relationship between the Mawrth Vallis jarosite
patch and the surrounding phyllosilicates, we suggest that sulfate deposits at Mawrth
Vallis should be a high priority target in the search for preserved organics. The GD
jarosite is similar in many ways to jarosite at Rio Tinto, and thus analogies can be drawn
between these two terrestrial jarosite deposits, and those already reported (and yet to be
discovered) at Mawrth Vallis. The Rio Tinto River has been a natural, active acid rock
drainage site for more than 2 million years, and has supported and preserved a diverse
microbial community for the duration of its existence (Amaral Zettler et al. 2002; Sabater
et al. 2003; Aguilera et al. 2006). Rock and sediment samples from Rio Tinto, including
jarosite, goethite, and hematite, ranging from present day to 2 Ma, have been shown by
Preston et al. (2011) to preserve biomolecules and morphological evidence of life. The
morphology of microbial cells has been preserved in these samples, and confirmed to
contain organic material through FTIR spectroscopy. The preservation potential of
microorganisms and organic molecules within iron-rich sedimentary rocks and sulfates
has been discussed by Sumner (2004) and references therein.
Experiments by Ohmoto and Lasaga (1982) imply that sulfates such as jarosite have the
potential to preserve organics over geologic time scales, as although reactions between
sulfates and organic compounds are possible at very low pH, these reactions are not
likely to lead to the decay of organics in the absence of a biological sulfate reduction
metabolism. Furthermore, most microorganisms are known to possess lytic enzymes, also
known as autolysins that are capable of degrading their cell walls (Beveridge, 1981).
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Autolytic activity is inhibited by iron, as metals bound by bacterial walls maintain the
constituent polymers of these cellular structures in a conformation unfavourable to
autolysin attack (Van Heijenoort et al., 1983). Therefore, the scavenging of iron from the
environment by bacterial cell envelopes can prevent or limit cell degradation and form an
integral part in a series of events leading to the fossilization of microorganisms (Ferris et
al., 1988). Therefore, environments on Mars such as Meridiani Planum and Mawrth
Vallis, which have similarities to the GD and Rio Tinto deposits, could have supported
and preserved evidence of life.
In addition, the GD demonstrates that geochemical heterogeneity at the sub-metre scales
can exist at a seemingly homogeneous deposit (as observed by orbital spectroscopy or
aerial photos), and indicates that there is likely much yet to be discovered at similar sites
on Mars via robotic or human surface missions. Regardless of the jarosite deposition
mechanism, the fact that Mawrth Vallis was considered as a possible landing site, and
may be considered for future missions, makes the GD especially important as an
analogous test bed for hypotheses. GD could also be used for ground truthing data that
may one day be returned from sulfate deposits at Mawrth Vallis.

2.6

Conclusions

Cold, acidic springs represent a good depositional analogue to past aqueous environments
on Mars. Sedimentary deposits found in Meridiani Planum and composed mainly of Ca-,
Mg- and Fe-sulfates and Fe-oxides are thought to have formed from the upwelling and
evaporation or freezing/sublimation of surface or near surface waters. Similar mineral
assemblages have been found on other parts of the planet, including Mawrth Vallis,
suggesting that cold, acidic groundwater could have influenced the geochemistry of
surface water for extended periods of time (Fairén et al., 2004), at least in isolated
locations. Although permafrost was not likely required for the GD to form, this site
demonstrates that conditions on Mars did not need to be significantly warmer or wetter
than today for jarosite deposition. Low water pH would have constrained the type of
mineral deposits that could have precipitated and also the habitability of surface waters.
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The jarositic, cold seep emplaced Golden Deposit is similar to Meridiani Planum and
Mawrth Vallis, Mars, in terms of chemistry, mineralogy, permafrost environment at the
time of deposition, and to some degree also in terms of scale, albedo, surface texture, and
geomorphology. The mineralogy and geochemistry of the GD, as determined by XRD
and ICP-ES, have proven to be much more complex than indicated by spectral analysis
alone. Therefore mineral assemblages containing jarosite on Mars may be more complex
than the current spectral data leads us to believe. Despite low pH and cool temperatures,
the GD is hospitable to microbial life. If jarosite deposits on Mars were emplaced by a
similar groundwater upwelling mechanism, under similar pH and temperature conditions,
they may also have supported life, and may even contain evidence of past life preserved
within the sediments. Therefore, the GD presents a new possible analogue site for
studying jarosite deposition on Mars, and is the only documented site on Earth featuring
spectrally pure jarosite at an orbital scale in a permafrost setting. It is of special interest,
as Mawrth Vallis or Meridiani Planum may be considered as potential landing sites for
future missions to look for signs of life on Mars.
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Chapter 3

3

Mineralogy of saline perennial cold springs on Axel
Heiberg Island, Nunavut, Canada, and implications for
spring deposits on Mars
3.1

Introduction

Geomorphological evidence for the presence of springs on Mars has been growing in
recent years. Particularly noteworthy are High Resolution Imaging Science Experiment
(HiRISE) images of terraced vent-like structures in Vernal Crater, Arabia Terra, Mars
(Allen and Oehler, 2008), which bear striking similarities to terrestrial spring deposits. In
addition, light-toned deposits observed by Rossi et al. (2008), which may have been
emplaced through ground water upwelling, have been observed in several
topographically low locations on Mars, including in Valles Marineris, within chaotic
terrains, and inside several large impact craters. A jarosite-rich ovoid landform in Mawrth
Vallis, situated in Noachian in terrain (Farrand et al., 2009), may also be a spring or seep
deposit (Chapter 2). Intriguingly, some potentially spring-generated light-toned deposits
may be as young as Amazonian (Rossi et al., 2008). Gullies in crater rims at mid to high
latitudes, including some with very recent light-toned deposits, may also suggest seepage
of liquid water at shallow depths within the past 12 years (e.g., Malin and Edgett, 2000;
Malin et al., 2006).
Thus, there is evidence that springs may have existed on Mars from the Noachian up to
the present day. This suggests that water was, and is, circulating in Mars’ subsurface
despite current cold and dry conditions. This also implies that past martian environmental
conditions did not need to be significantly warmer and wetter for spring deposits to form,
although it does not preclude warmer and/or wetter conditions. It is, however, almost
certain that water must experience a freezing point depression, and thus be saline, to flow
near or at the surface under atmospheric conditions similar to those prevalent today. If
spring systems did (or do) exist on the surface of Mars, they may have represented
environments capable of supporting microbial life in the subsurface, or on the surface if
atmospheric conditions permitted. However, it is not clear whether suspected martian
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spring systems could have preserved minerals associated with microbial metabolism, nor
is it clear which minerals to target in the search for clues of past life in spring systems on
Mars.
The springs documented in this study are associated with salt diapirs. Recent
interpretations of HiRISE images suggest the presence of diapirs on the surface of Mars
(Baioni and Wezel, 2010; Wezel and Baioni, 2010). Data from many orbital imaging and
topography instruments (Mars Orbiter Laser Altimeter, Mars Express High Resolution
Stereo Camera, Mars Reconnaissance Orbiter (MRO) Context Camera, Mars Orbiter
Camera) also indicate an abundance of sulfate salts in Valles Marineris in association
with collapse features suggestive of widespread salt tectonics and dissolution (Adams et
al., 2009; Montgomery et al., 2009). Ground penetrating radar (GPR) instruments aboard
the MRO (Shallow Radar; SHARAD) and Mars Express (Mars Advanced Radar for
Subsurface and Ionosphere Sounding; MARSIS) could potentially be used to assist in the
detection of subsurface diapirs on Mars. MARSIS has high enough depth resolution to
detect all but the smallest diapirs, as nominal vertical resolution is 50–100 m in the
subsurface, to a depth of 5 km (Ori et al., 2002). SHARAD features a nominal depth
resolution of 10–25 m, to a depth of 1 km (Ori et al., 2002), and thus should be able to
detect most diapirs near the surface, if a focused search was conducted. No evidence of
diapirism has been reported by orbital GPR instruments to date.
On Earth most spring systems support microbial life, however, like on Mars the extent to
which mineral crusts in cold springs can preserve evidence of life is poorly known.
Therefore, studies of terrestrial cold saline spring mineral crusts are required in order to
direct the search for minerals on Mars that may have been precipitated in spring systems
and which may contain evidence of life. Several sets of cold springs have been identified
and studied on Axel Heiberg Island and Ellesmere Island in the Canadian Arctic (e.g.,
Pollard et al., 1999; Grasby et al., 2003). In this contribution, we provide the first
detailed mineralogical characterization of a unique set of perennial springs on Axel
Heiberg Island in the Canadian High Arctic. These springs flow year round in areas of
diapiric uplift, despite occurring in a region with 400−600 m of permafrost (Pollard et al.,
1999). As such, they may represent potential analogues for spring systems on Mars.
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3.2

Saline cold springs on Axel Heiberg Island

Axel Heiberg Island is situated within the Sverdrup Basin, Nunavut, Canada, which is an
intracratonic sedimentary trough containing at least 13 km of folded and faulted
sedimentary rocks ranging in age from Carboniferous to Tertiary (Balkwill, 1978; Embry
and Beauchamp, 2008). Evaporites deposited during the Carboniferous consist of a thick
layer of anhydrite (at least 400 m) with minor limestone interbeds, underlain by halite of
unknown stratigraphic thickness featuring minor anhydrite interbeds (Stephenson et al.,
1992). These evaporites now intrude the overlying rocks in the form of piercement
structures (diapirs) because of relative buoyancy as well as tectonic activity
(Thorsteinsson, 1974). Larger dome-shaped anhydrite-salt diapirs were emplaced due to
moderate horizontal compression from the Triassic to early Cretaceous. Smaller diapirs
crop out in the cores of tight anticlines along a 60 km wide area of Axel Heiberg Island.
These were extruded from a shallow evaporite canopy formed during the Early
Cretaceous (Jackson and Harrison, 2006). The canopy is an allochthonous coalescence of
older evaporite diapirs, and therefore these smaller anticline core piercement structures
are considered second-generation diapirs. All of the springs described below originate
from second-generation diapirs (Jackson and Harrison, 2006). At least 50 diapirs have
been reported on Axel Heiberg Island, and are presumed to contain halite cores at depth
(Stephenson et al., 1992). However, only one diapir on Axel Heiberg Island – Stolz diapir
– is known to have an exposed halite core (Schwerdtner and van Kranendonk, 1984).
Eight sets of saline cold springs have been documented on Axel Heiberg Island
(Andersen et al., 2008). These are among the highest latitude non-volcanic perennial
springs on Earth, and flow through 400–600 m of permafrost in areas of gypsumanhydrite diapiric uplift (Pollard et al., 1999). Three of these springs located at or near
Expedition Fiord (7926’N; 9046’W; Fig. 3.1) are the focus of this study. They are:
Wolf spring (WS), also known as Lost Hammer spring, located at Wolf diapir; Colour
Peak springs (CP), at Colour diapir; and Gypsum Hill springs (GH), at Expedition diapir.
The average annual air temperature at Expedition Fiord is -15 °C (Doran et al., 1996),
and temperatures frequently fall below -40 °C during the winter (Omelon, 1999), yet the
water temperature at each individual spring site is nearly constant year round at CP and
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GH (Pollard et al., 1999), and seems to be relatively consistent year round at WS, based
on measurements taken in the winter (April) and summer (July). Constant year round
temperatures indicate stability in the systems, and that changing surface temperatures do
not influence subsurface water temperatures. These three spring sites share similar
environmental settings, but show great geochemical and mineralogical variation (Table
3.1). At the three spring sites outlet water temperatures range from -5 to 7 C, pH ranges
from 6.4 to 8.4, salinity ranges from 8 to 23 % (Pollard et al., 1999). Microbes are
assumed to thrive in the sediments year round (Perreault et al., 2007; Niederberger et al.,
2010), based on sampling from April to August, and may contribute to, or be preserved
during, mineral crust deposition. WS is of particular interest, as it has not previously been
studied for mineralogy, and GH and CP are of secondary interest, as they have been
geochemically characterized in the past by Omelon (1999).
3.2.1

The Wolf spring site

Spring water at WS rises through a single hollow, cone-shaped vent (Fig. 3.2). This has
also been referred to as a salt tufa structure (Niederberger et al., 2010), a mound, or a
fumarole-like structure (Andersen et al., 2008). It is ~2.5 m tall x 3 m diameter, although
shape and dimensions change from year to year. Water most likely flows from the outlet
year round, although it is mostly confined to the vent during the winter when the outflow
is blocked (Andersen et al., 2008; Niederberger et al., 2010). During the winter (April)
the vent has been observed to fill from ¾ to completely full of water and overflows to
form terraces (Niederberger et al., 2010). During the summer (July), water levels in the
vent are much lower, as discharge dissolves through the side of the structure in a
continuous stream. This reveals the base of the vent, which contains dark sediments with
overlying spring water, and methane and other gases (Niederberger et al., 2010) venting
as bubbles through the sediment and pore-water. Spring waters continue to flow
downslope from the vent, meandering along one or more flow paths, a distance of ~150
m down a very shallow slope to drain into the river below. A saltpan, or thin white layer
of spring deposits mm’s to cm’s thick, covers an area approximately 150 m x 30 m
surrounding the vent and flow-path.
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Figure 3.1. Location of the three spring systems of interest (Wolf, Colour Peak, and
Gypsum Hill springs) near Expedition Fiord (7926’ N; 9046’W) on Axel Heiberg
Island, Nunavut, Canada.
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Table 3.1. Comparison of measurable parameters of Wolf, Colour Peak, and
Gypsum Hill springs.

Coordinates (UTM
Zone 15N, NAD 83)
Number of outlets
Avg. perennial water
temperature at
outlets
Salinity

Flow rate

pH
Water chemistry
Oxygen

Wolf spring (WS)

Colour Peak (CP)

Gypsum Hill (GH)

0558958 E, 8779987 N

0535535 E, 8813173 N

546520 E, 8816002 N

1
-5.9 to -4.7 °C
(Lay et al., 2012)

~30
3.6 °C
(Pollard et al., 1999)

~40
3.9 °C
(Pollard et al., 1999)

22 – 26%
(Lay et al., 2012),
22.4% (this study)
4-5 L/s
(Niederberger et al., 2010)

16 – 17 %
(Pollard et al., 1999),
16.6% (this study)
20-25 L/s (~0 to 1.8 L/s at
individual outlets)
(Pollard et al., 1999)
7.3 – 7.9
(Pollard et al., 1999)
Highly reducing; not
anaerobic. Probable
anoxic and
microaerophilic zones
(0.05 to 0.2 ppm) in water
overlying sediment

8 – 9%
(Pollard et al., 1999),
8.3% (this study)
10-15 L/s (~0 to 1.0 L/s
at individual outlets)
(Pollard et al., 1999)
6.9 – 7.4
(Pollard et al., 1999)
Highly reducing; not
anaerobic. Probable
anoxic and
microaerophilic zones
(0.05 to 0.2 ppm) in
water overlying
sediment
23.7 g/L SO4

5.96 to 7.38
(Lay et al., 2012)
Microaerophilic (very little
free oxygen)

2-

Sulfate

5.2 g/L SO4

2.3 g/L SO4

Sulfide

0 to 50 ppm dissolved H2S

25 to 100 ppm sulfide

25 to 100 ppm sulfide

Other

67 g/L Na, 1.7 g/L Ca,
0.002 g/L Fe, 140 g/L Cl

52.90 g/L Na, 3.62 g/L
Ca, 68.60 g/L Cl.
Supersaturated with
respect to calcite.
(Perreault et al., 2007;
Omelon et al., 2006)
> 98% N2, < 1% CH4,
< 1% CO2, minor O2

27.92 g/L Na, 2.11 g/L
Ca, 44.21 g/L Cl

(Niederberger et al., 2010)
Low microbial diversity
compared to similar cryoenvironments.
Anaerobic
methanotrophs;
methanogens; S
oxidizing bacteria;
ammonia-oxidizers;
possible SO4 reducing
archaea

(Pollard et al., 1999)
Psychrophilic obligately
chemolithoautotrophic S
oxidizing bacteria;
anaerobic S and SO4
reducing bacteria

(Pollard et al., 1999)
Anaerobic heterotrophic,
and aerobic autotrophic
S oxidizing bacteria;
anaerobic S and SO4
reducing bacteria;
methanogens; possible
methanotrophs.
Streamers: S-oxidizing
bacteria

(Niederberger et al., 2010;
Lay et al., 2012)

(Perreault et al., 2007)

Discharging gases
(bubbles)

Microbiology

(Niederberger et al., 2010;
Lay et al., 2012; Whyte,
personal communication)
50% thermogenic CH4,
35% N2, 10% CO2, < 5%
He, H2, other hydrocarbons

(Perreault et al., 2007;
Omelon et al., 2006)
> 98% N2, < 1% CH4,
< 1% CO2, minor O2

(Perreault et al., 2007;
Perreault et al., 2008;
Niederberger et al.,
2009)
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Previous studies have reported water and underlying sediment temperatures ranging from
-5.9 to -4.7 °C at the outlet, and temperatures of the underlying sediment in outflow
channels ranging from -18 to 9.2 °C, from late-April to mid-July (Niederberger et al.,
2010; Lay et al., 2012). Water salinity has been reported as 22 to 26%, (Niederberger et
al., 2010; Pollard et al., 2009; Lay et al., 2012), pH as 5.96 to 7.38, (Lay et al., 2012) and
flow rate as relatively low (4-5 L/s; Niederberger et al., 2010). Previous studies have also
reported a reducing (~165 mV; Perreault et al., 2007) microaerophilic (very little free
oxygen), oligotrophic (low levels of nutrients) environment rich in dissolved H2S/sulfides
(0 to 50 ppm; Lay et al., 2012). Pore water and sediment within the vent are rich in Na,
Ca, Fe, Cl, and SO4, and contain relatively less Mg, K, N, and P. Pore water contains 67
g/L Na, 1.7 g/L Ca, 0.002 g/L Fe, 140 g/L Cl, and 5.2 g/L SO4. Sediment contains 55
g/kg Na, 59 g/kg Ca, 13 g/kg Fe, 42 g/kg Cl, and 100 g/kg SO4 (Whyte, personal
communication; Lay et al., 2012). Discharging gas at the vent is composed of ~50%
thermogenic methane with ~35% N2, ~10% CO2, and < 5% of He, H2, and other
hydrocarbons (Niederberger et al., 2010). WS vent sediments are host to an active
microbial ecosystem, with low microbial diversity (Niederberger et al., 2010). Halophilic
(salt loving), psychrophilic (cold temperature tolerant) bacteria and archaea have been
identified via culture independent analyses, including anaerobic methane oxidizing
ANME-1 archaea (Niederberger et al., 2010). Lay et al. (2012) also reported phylotypes
related to methanogenesis, methanotrophy, sulfur reduction and oxidation and an archaeal
community dominated by phylotypes most closely related to ammonia-oxidation.
Although some authors have referred to this site as the “Lost Hammer spring”, it was
mapped by Harrison and Jackson (2008) as “Wolf spring”. The spring ascends to the
surface near, or perhaps along, what has been mapped as an “assumed and covered”
thrust fault (Harrison and Jackson, 2008), proximal to Wolf diapir, on a shallowly sloping
Quaternary alluvial fan. For the sake of consistency with Harrison and Jackson’s
geological map (Harrison and Jackson, 2008) we will continue to refer to this spring as
Wolf spring.
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Figure 3.2. Wolf spring (WS) images. A. WS features a vent (small red box) and a
raised terrace downstream of the vent, and is surrounded by saltpan deposits. B.
WS vent as seen from above, 3 m diameter. Photos A and B taken from helicopter,
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July 2008. C. Vent is ~2.5 m tall x 3 m diameter. D. Inside of vent. Geologist for
scale. E. Sampling of dark slurry from bottom of the vent. Geologist for scale. F.
Sample LH01b; white powder on vent surface. Hammer for scale. G. Sample
LH02b; grey crystals under white powder. Hammer for scale. H. Sample LH01a;
stalactite structures. Ruler for scale. I. Sample LH08; sediment, sampled
downstream along outflow. Hammer for scale. J. Sample LH09a; sediment, sampled
further down-stream of vent. Hammer for scale. K. Sample LH06; hard white
mineral crust from dried channel. Hammer for scale. L. Sample LH15a; gypsum
from Wolf diapir. Hammer for scale.
3.2.2

The Colour Peak spring site

The CP spring site is aptly named “Colour Peak”, as springs appear black, red, yellow,
green, and blue in different areas due to extensively developed mineral crusts. CP
features at least twenty individual spring outlets, emerging from gullies 30–40 m above
sea level in a band spanning roughly 300 m across the flank of the south-facing slope of
Colour diapir, and flow downslope into Expedition River. It is suspected that many more
outlets exist downslope, within the flowpaths of the other springs. Springs flow from 6
gullies, in three main groupings, featuring precipitates of several different morphologies:
pipe-form outlets, seep-form outlets, and also elevated channels, rimstone pools,
cascades, and terraces (Fig. 3.3). Precipitation of travertine is caused by CO2 degassing
from the spring waters during winter months. Travertine precipitation has been described
and discussed in detail by others (Omelon, 1999; Pollard et al., 1999; Omelon et al.,
2001; Omelon et al., 2006). Calcite is the dominant mineral at this site, and begins to
precipitate part way down slope, forming rimstone pools and travertine channels. Some
channel deposits feature calcite with thin, alternating organic-rich gypsum layers
(Omelon, 1999). Hard, white halite crusts are widespread, but transient, dissolving with
rainfall and humidity.
Previous studies have reported an average mean perennial water temperature (at outlets)
of 3.6 °C, salinity of 16–17 % (Pollard et al., 1999), pH of 7.3–7.9, and a high total flow
rate (all springs) of 20-25 L/s, ranging from barely visible to 1.5 - 1.8 L/s at individual
springs (Pollard et al., 1999). Spring waters are highly reducing, and seem to contain both
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Figure 3.3. Colour Peak (CP) springs images. A. CP springs emerge from 3 main
gullies, in a band spanning ~300 m across the flank of the south-facing slope of
Colour diapir (aerial photo courtesy Juerg Alean, 2008). B. Inset photos show main
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(highest flow) spring, CP-1. Calcite minerals deposited in rimstone pools (top right),
and on terraced mounds (greenish-blue, lower left). Hammer for scale in each
image. C, D, E. Travertine channels along flow path of CP-1. Hammer for scale. F.
Small waterfall along CP-1 flow path, less than 1 m high. G. Further downstream
along CP-1, terraced mound has collapsed exposing older layers. Hammer for scale.
H. Sulfur- and halite-rich mineral crust from the top of CP-7. Hand for scale. I.
Flow from CP-6 (yellow) joins CP-1 (black). Hammer for scale.
anoxic and microaerophilic zones, with 0.05 to 0.2 ppm dissolved oxygen concentrations
just overlying sediments (Perreault et al., 2007). Waters are rich in Na, Ca, Cl, SO4, and
sulfide, with 52.9 g/L Na, 3.62 g/L Ca, 68.6 g/L Cl, 2.30 g/L SO4, and 25 to 100 ppm
sulfide (Omelon et al., 2006). Spring waters are also supersaturated with respect to calcite
(Omelon et al., 2006). Discharging gas contains N2, CO2, and smaller amounts of
methane, and is depleted in oxygen (Pollard et al., 1999). Psychrophilic, obligately
chemolithoautotrophic sulfur-oxidizing bacteria are the dominant type of microorganism
found in sediments, however some sulfur- and sulfate-reducing bacteria are also present
(Perreault et al., 2007).
3.2.3

The Gypsum Hill spring site

The GH site features many springs flowing from approximately forty outlets along a 300
m long stretch, 10 to 20 m above sea level on the shallowly sloping Expedition River
shoreline (Fig. 3.4). The GH springs are located at the base of the southeast-facing cliffs
of GH, which is formed by the northwest portion of Expedition diapir. This area is
coincident with a suspected fault (Zentilli, personal communication), and the diapir here
is covered by Quaternary braidplain deposits (Harrison and Jackson, 2008). During the
winter months the site is covered by an icing deposit, which melts slowly, leaving
approximately half of the outlets covered and inaccessible into late June or early July.
Morphologies of springs include shallow or deep pool-type outlets and seep-form outlets,
and also include frost mount structures, mud calderas, poorly defined channels, and
streams meandering around, or fanning out over mounds (Fig. 3.4). Overall, fewer
mineral precipitates appear at GH than CP, due to lower flow rates, and annual
destruction of crusts by icing formation (Omelon et al., 2006).
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Figure 3.4. Gypsum Hill (GH) springs images. A. GH springs flow from ~40 outlets
along ~300 m of shallowly sloping Expedition River shoreline, at the base of the
southeast-facing cliffs of GH, 10 to 20 m above sea level. Image taken during late
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June 2008 (courtesy Juerg Alean). B. Spring outlet featuring highest flow rate at
GH, known as GH 14 (referred to by other authors as “little black pond”). C. Raised
mounds up to 5 m long x 2 m high are present upstream of the present day flow
path of 6 spring outlets. D. Remnant terraces indicate areas of past spring flow.
Hammer for scale. E. Present day terraces along the largest and most complex
outflow path, at GH 26. Hammer for scale. F. Top of GH 26 flow path. Geologist for
scale. G. Channel forming minerals along GH 26 flow path, with inset photo
showing details. Geologist for scale. H. ~1 cm nodules of “juvenile” crusts in outflow
paths. Scale card for scale. I. Typical hard white mineral crust found away from
current outflow, and held up to sky for contrast. Hand for scale.
Gypsum is the dominant mineral at this site, precipitating more frequently here than at
CP due to lower alkalinity and higher SO4 concentrations (Omelon et al., 2006). It is
concentrated by icing processes (Beschel, 1963; Pollard et al., 1999), and covers the site
in fine white powder. Hard, white halite crusts are also widespread but transient. Previous
studies have reported an average mean perennial water temperature (at outlets) of 3.9 °C,
salinity of 8–9 % (Pollard et al., 1999), pH of 6.9–7.4, and a total flow rate (all springs)
of 10-15 L/s, ranging from barely detectable to 0.9 - 1.0 L/s at individual springs (Pollard
et al., 1999). Spring waters are highly reducing, and seem to contain both anoxic and
microaerophilic zones, with 0.05 to 0.2 ppm dissolved oxygen concentrations just
overlying sediments (Perreault et al., 2007). Waters are rich in Na, Ca, Cl, SO4, and
sulfide, with 27.9 g/L Na, 2.11 g/L Ca, 44.2 g/L Cl, 3.72 g/L SO4, and 25 to 100 ppm
sulfide (Omelon et al., 2006). Discharging gas contains N2, CO2, and smaller amounts of
methane, and is depleted in oxygen (Pollard et al., 1999).
Psychrophilic, obligately chemolithoautotrophic sulfur-oxidizing bacteria are the
dominant type of microorganism found in sediments, however some sulfur- and sulfatereducing bacteria are also present (Perreault et al., 2007). A variety of scum-like biofilms
are found in shallow, stagnant pools of water throughout this site, and streamer biofilms
are present in faster-flowing areas of a few different springs. They are dominated by Soxidizing bacteria, and especially thrive under snow cover during winter months,
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presumably because the snow cover traps H2S gas, and metabolism rates therefore
increase (Niederberger et al., 2009).

3.3

Methodology

During the summers of 2008 and 2009, detailed mapping of each spring site was carried
out for the first time. A total of 242 mineral crust, sediment, and bedrock samples were
collect in transects down and across all three spring sites, with corresponding GPS
coordinates, photos, and observations. These were collected in plastic zip-top bags, and
were selected to determine detailed spatial mineralogy trends and variability. Ten handfiltered water samples were collected from the three spring sites to determine salinity and
precipitate mineralogy via precipitation experiments. These were collected in 50 mL
polypropylene BD Falcon tubes using 0.8/0.2 µm syringe filters, and were stored at ~4ºC
until laboratory analyses were conducted.
Mineralogy was determined for crust and sediment samples from all three springs,
samples from each diapir, and also for precipitated minerals left behind when water
samples from each spring site were evaporated in an oven. In preparation for X-ray
diffraction (XRD) analysis, crust and sediment samples were air dried at room
temperature. Subsamples of the ten water samples were measured into tin cups, and
placed in an oven for five days at 60 °C to drive off water. Precipitates left in tin cups
were weighed to determine sample salinity, then set aside for XRD analysis. Crust,
sediment, and precipitate samples were then crushed by hand with an alumina or stainless
steel mortar and pestle. Detailed mineral determination was performed via XRD using
Co K-alpha radiation with wavelength λ=1.7902 Å, on a Rigaku Rotaflex, at 45 kV, 160
mA, over 2θ angles of 2º-82º, at the Laboratory for Stable Isotope Science at the
University of Western Ontario. Crystalline mineral phases were identified using the
International Center for Diffraction Data Powder Diffraction File (ICDD PDF-4) and the
BrukerAXS Eva software package at the micro-XRD facility at Western. Qualitative
relative abundances of minerals observed were determined based on visual inspection of
peak height intensities. For the purpose of this study, minerals with peak height
intensities >8000 counts are referred to as “major”, minerals with peak height intensities
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<8000 are referred to as “minor”, and minerals with peak height intensities < 500 are
considered “trace”.
Using XRD data and GPS coordinates, mineralogy maps were created for each spring
site. GPS coordinates were taken with different models of Garmin GPS units in 2008 and
2009, but most often with a handheld Garmin GPSmap 60CSx, which has a horizontal
accuracy of ± < 10 m. Boundaries of spring outflow paths, terraces, saltpans, and icings
were recorded using the tracklog feature of the GPS unit, and walking the perimeter of
the feature.

3.4

Results

Bulk X-ray diffraction was performed on mineral crusts and sediments to produce surface
mineralogy maps (Fig. 3.5–3.7 and Tables 3.2–3.4), and also on samples of evaporites
from water samples. Halite forms hard white crusts at all sites. All sites feature varying
amounts of Ca-, Na-, or Al-sulfates, and Ca-carbonates. Elemental sulfur (S), gypsum,
and sometimes quartz (SiO2) occur together along edges of most spring flow paths.
Mineral occurrences are summarized in Table 3.5, along with a listing of mineral
formulae.
3.4.1

Wolf spring

Thirty-one samples from WS were analyzed for mineralogy via XRD: twenty-one
mineral crust samples, four sediment samples from the spring outflow path, one biofilm
sample from the spring outflow path, and five rock samples from different parts of Wolf
diapir. Qualitative mineralogy of each sample is shown in Table 3.2. Mineral abundances
and distribution have been mapped and are shown in Figure 3.5. The most abundant
minerals at WS are, in decreasing order, halite, thenardite (previously undocumented at
this site), gypsum, mirabilite, other Na-bearing sulfates, and presumed detrital minerals
(quartz, plagioclase, clays). Very few samples contain carbonate minerals; one sample
contains magnesite, and one contains calcite.
The vent (Fig. 3.2a-c) is mostly thenardite with mirabilite, halite, other sulfates, and a
small amount of magnesite. Sludge in the bottom (Fig. 3.2d,e) of the vent contains
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thenardite, halite, gypsum, elemental sulfur, mirabilite, other Na-sulfates, and both quartz
and clays. During the summer the vent is covered in a layer several mm thick of a very
fine, white, powdery material (Fig. 3.2f) overlying several cm of fine grey elongated
crystals (Fig. 3.2g). The outside of the vent also features “stalactite”-like structures (Fig.
3.2h) and cm-scale terraces, which change from year to year. Stalactites collected in 2008
are ~8–15 cm long and deep, and ~2 cm wide, with crystalline centres and powdery
surfaces. Composition of precipitated mineral crusts varies with depth beneath the surface
of the vent. Mirabilite was only detected in the fine grey material mm to cm beneath the
powdery white surface material, whereas thenardite is the dominant mineral coating the
surface in a fine white powder. Stalactite samples were found to be thenardite and halite
with minor quartz.
A large terrace surrounds the vent, and extends 30 to 40 m downstream from the vent.
Throughout the vent structure and the terrace thenardite is the most abundant mineral,
with varying amounts of halite, other Na-sulfates, small amounts of gypsum, and
suspected detrital minerals such as quartz and clays. A saltpan covers an area
approximately 150 m x 30 m surrounding the vent and flow-path. Hard white crusts on
dried channel beds (Fig. 3.2k) are thenardite and halite, and thicker crusts on pebbles are
composed of halite and gypsum. Major amounts of thenardite and minor mirabilite occur
in softer crusts at the vent and along the flow path, sometimes in association with minor
gypsum. Some hard crusts comprise primarily thenardite and halite, and traces of other
Na-sulfates and elemental sulfur.
Near the flow path, halite forms hard white crystals where the ground is dry, with minor
or trace amounts of gypsum, and thenardite. In the flow path, sediments (Fig. 3.2i, j) are
dominated by quartz and gypsum, with minor halite, thenardite, plagioclase and clays,
and trace amounts of elemental sulfur. The biofilm sample contains gypsum, halite, and
quartz. Precipitates from the evaporated water samples from WS contained halite with
minor gypsum. Samples taken from the Wolf diapir (Fig. 3.2l) which outcrops on either
side of Wolf spring, were determined to be gypsum in a hill to the southeast, and
dolomite with trace calcite, quartz and clays in a hill to the northeast. No halite was
observed in the diapir samples.
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Table 3.2. Mineralogy of WS samples. “M” indicates mineral comprises a major
portion of sample, “m” a minor portion, and “t” a trace amount, based on
qualitative XRD peak height intensities. Hl = halite (NaCl), Thn = thenardite
(Na2SO4), Gp = gypsum (CaSO4·2H2O), Cal = calcite (Ca(CO3)), Mir = mirabilite
(Na2SO4·10H2O), S = elemental sulfur (S), Eug = eugsterite (Na4Ca(SO4)3·2(H2O)),
Qtz = quartz (SiO2), Pl = plagioclase, Phy = phyllosilicates.
Type

Sample #

Hl

Thn

crust

LH-08-01

M

M

crust

LH-08-02a

M

M

crust

LH-08-02b

crust

LH-08-03

crust

Gp

Cal

Mir

S

Eug

Qtz

Pl

Phy

Other minerals

m

M

M

M - magnesite (Mg(CO3)) and
sodiumalum (NaAl(So4)2·12H2O)

m

M

M

LH-08-05

M

m

crust

LH-08-06

M

crust

LH-08-09b

M

crust

LH-09-2b

M

crust

LH-09-3b

M

m

crust

LH-09-5a

M

m

crust

LH-09-6b

M

crust

LH-09-1a

m

M

crust

LH-09-T1

M

M

t

crust

LH-09-T2

M

m

M

crust

LH-09-T3

m

M

t

crust

LH-09-T4

t

M

t

crust

LH-09-T5

m

M

crust

LH-09-T6

m

M

crust

LH-09-T7

m

M

crust

LH-09-T8

M

crust

LH-09-T9

M

m

m

sediment

LH-08-04

M

M

M

sediment

LH-08-08

m

m

M

m

M

m

m

sediment

LH-08-09a

m

m

M

m

M

m

m

sediment

LH-09-2a

m

t

M

t

m

sediment

LH-09-1b

M

M

m
M

m

m

m

m

t

t

m

m

m
m
m

t

t

t

M
m

t

t
m

t

t
t

t

m

t

M

t

m

t
t

m

m

m

t

M

m

t

m

m

t

m

t

M

m

m

t

m

t

m

m
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diapir

LH-08-10

M

diapir

LH-08-11

M

m

m

diapir

LH-08-12

m

m

m

diapir

LH-08-13

m

m

m

diapir

LH-08-15

M

biofilm

LH-09-4a

M

M

m
m

t

m
m

M - dolomite (CaMg(CO3)2)

m

M - dolomite (CaMg(CO3)2)

m

Figure 3.5. Mineralogy map of the Wolf (WS) spring site, as determined by X-ray
diffraction. Different shapes indicate different types of samples. Large outer shapes
indicate minerals present in major quantities, medium inner circles indicate minor
quantities, and small inner-most circles indicate trace amounts. Concentric circles
toward top-right indicate samples from the vent; the outer three large circles
represent crust samples taken outside of the vent, and the pentagon and inner two
circles represent sediment sampled from the base of the inside of the vent.
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3.4.2

Colour Peak

Sixty-four samples from CP were analyzed for mineralogy via XRD: Fifty mineral crust
samples, seven samples of thin mineral crusts on soil, and seven sediment samples from
the spring outflow path (1 containing biofilm). Qualitative mineralogy of each sample is
shown in Table 3.3. Mineral abundances and distribution have been mapped and are
shown in Figure 3.6. The most abundant minerals at CP are, in decreasing order, calcite,
quartz (presumed detrital), halite, gypsum, elemental sulfur, and presumed detrital
plagioclase and clays. Very few samples contain Na-sulfate minerals. Six samples
contain iron-bearing minerals (marcasite, pyrite, hematite, jarosite).
A majority of the samples were taken from the outflow path of the outlet with the greatest
flow rate, CP-1. This flow path features extensively developed channels and terraces
(Fig. 3.3a-e). Samples from channel deposits at the top of CP-1 do not contain calcite, but
rather contain elevated amounts of quartz, gypsum, elemental sulfur, and halite. Sulfur is
especially abundant in yellow channel deposits, and yellow mineral crusts on top of soil.
Calcite begins precipitating part way downslope, forming rimstone pools and travertine
channels (Omelon et al., 2001). Calcite is usually in association with minor gypsum,
quartz, halite, elemental sulfur, and traces of clays or plagioclase. Gypsum is also found
along the length of CP-1, most often in wet sediments. Elemental sulfur is found along
the length as well, but in greater quantities at the top. In all cases, elemental sulfur is
found in association with gypsum. Quartz occurs frequently in sediment and travertine
samples. Further downstream along CP-1, a terraced mound has collapsed exposing older
layers (Fig. 3.3g). Crust on top comprises calcite with minor halite and quartz and trace
gypsum, sulfur, and phyllosilicates, and layers beneath comprise calcite, quartz,
elemental sulfur, and gypsum, with minor halite, and trace plagioclase and
phyllosilicates. Toward the bottom of the hill the slope decreases, as do the occurrences
of terrace and channel deposits. Many outflow paths come together on a muddy
braidplain, where quartz once again is the dominant mineral, with lesser amounts of
calcite, gypsum, sulfur, halite, plagioclase, and clays. There are a few noteworthy spots
along CP-1. Near the top, a dull yellow outflow path from CP-6 (right) joins a black
outflow path from CP-1 (left; Fig. 3.3i). A sample taken from a channel ledge at this
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location (CP-6e) is comprised mainly of elemental sulfur and calcite with minor quartz,
halite, gypsum, and jarosite, and trace hematite. A sample from the lower terrace was
collected from beneath the outer yellow crust. It consists of green muddy material and is
mainly calcite, with trace amounts of sulfur, marcasite, and pyrite.
One sample from a dried former outflow path (CP-5) contains quartz, plagioclase,
gypsum, and minor jarosite and hematite. Samples taken from the sediment along the
uppermost portion of flowpath CP-4, which was actively flowing in 2008, are similar in
composition to samples from the top of CP-1, and are mostly quartz. Samples further
down CP-4 are similar to samples further down CP-1, and are dominated by calcite. A
sample was taken from a brightly coloured muddy patch at the top of the mostly-dried
former CP-7 flowpath. This biofilm-bearing sediment sample contained mostly
plagioclase, quartz, and marcasite, with minor sulfur and trace jarosite and hematite.
Crust samples on drier soil away from the outflow paths throughout the CP site are
mainly halite with minor gypsum and sometimes trace quartz, plagioclase, or clays.
Precipitates from the evaporated water samples from CP contained halite with minor
gypsum.
Table 3.3. Mineralogy of samples from CP. “M” indicates mineral comprises a
major portion of sample, “m” a minor portion, and “t” a trace amount, based on
qualitative XRD peak height intensities. Hl = halite (NaCl), Thn = thenardite
(Na2SO4), Gp = gypsum (CaSO4·2H2O), Cal = calcite (Ca(CO3)), Mir = mirabilite
(Na2SO4·10H2O), S = elemental sulfur (S), Eug = eugsterite (Na4Ca(SO4)3·2(H2O)),
Qtz = quartz (SiO2), Pl = plagioclase, Phy = phyllosilicates. “Dry sed” refers to crust
samples collected with dry sediment, and “wet sed” refers to wet sediment samples
collected from channels.
Type

Sample #

Hl

crust

CP-4a

crust

Thn

Gp

Cal

Mir

S

Eug

Qtz

M

m

m

m

m

CP-4b

m

m

m

m

M

crust

CP-4c

M

m

crust

CP-3b

m

m

M

m

m

crust

CP-3c

m

m

M

m

m

Pl

Phy

m

Other minerals
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crust

CP-2b

m

crust

CP-2d

m

crust

CP-2e

m

m

M

m

M

crust

CP-2f

m

m

M

m

m

crust

CP-2g

m

m

m

M

crust

CP-2h

m

m

crust

CP-1b

M

crust

CP-1c

M

m

M

M

crust

CP-1d

M

M

m

m

crust

CP-1f

m

M

m

crust

CP-7b

M

m

m

crust

CP-09-1a

M

m

crust

CP-09-1b

m

t

crust

CP-09-2a

M

t

crust

CP-09-2b

m

m

M

m

M

crust

CP-09-2c

m

t

M

t

t

crust

CP-09-2d

m

m

M

t

t

crust

CP-09-6a

m

m

M

m

m

crust

CP-09-6b

m

m

M

m

crust

CP-09-1c1

m

m

m

m

crust

CP-09-1c2

m

M

M

crust

CP-09-1d

M

t

crust

CP-09-1e

m

m

crust

CP-09-1f

M

m

crust

CP-09-1g

m

t

M

t

crust

CP-09-1h

m

t

M

t

crust

CP-09-T1

M

m

crust

CP-09-T3

M

m

m

m

crust

CP-09-T4

m

m

m

M

crust

CP-09-T5

m

t

M

t

t

crust

CP-09-T6

m

m

M

m

m

crust

CP-09-T7a

t

M

M

m

m

crust

CP-09-T7b

t

m

M

m

m

m

M

m

M

m

M

t

m

m

m - tamarugite
(NaAl(SO4)2·6H2O)
m

t

M

m

M

t

t

t
m

t

M

t

t

M

m

t

m

m

m
t

m
m
t
m

t

t

t
t

t

t

t – sodiumalum
(NaAl(SO4)2·12H2O)
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crust

CP-09-T8

m

m

crust

CP-09-T9

M

m

crust

CP-09-T10

m

t

M

t

t

crust

CP-09-T11

m

m

M

t

t

crust

CP-09-T12

m

t

M

crust

CP-09-T13

m

t

M

t

m

crust

CP-09-T14

m

t

M

t

t

crust

CP-09-T15

m

t

M

t

m

crust

CP-09-T16

m

M

t

t

crust

CP-09-T17

crust

CP-09-T19

crust

M

m

m

t
t

t

t
t

t

t
t

t – marcasite (FeS2)
and pyrite (FeS2)

(icing)

m

M

t

t

m

t

m

m

M

m

t

CP-09-T20

m

m

m

m

M

m

t

crust

CP-09T21a

m

t

M

t

m

crust

CP-09T21b

m

M

M

M

M

dry sed

CP-5a

M

dry sed

CP-5b

dry sed

CP-4d

dry sed

CP-4g

dry sed

CP-2j

dry sed

t – anhydrite,
magnesite

t

t

t

t – aluminum sulfate
hydrate
(Al2(SO4)3•16H2O)

m
m

m

t - sodiumalum

m

M

m

m – jarosite,hematite
(Fe2O3), sodium alum

M

m

M

m

m

m

M

m

m

m

t

M

m

CP-1a

m

m

dry sed

CP-7c

m

m

dry sed

CP-09-T2

M

wet sed

CP-4e

wet sed

m – sodium alum

M

m

m

m

M

m

m

M

m

M

t

t

m

m

m

M

m

CP-4f

m

m

m

M

m

wet sed

CP-3a

m

m

m

m

M

wet sed

CP-6e

m

m

M

M

m

wet sed

CP-7a

m

m

m

M

M

m

M – marcasite, t –
hematite, jarosite

wet sed

CP-8a

m

m

M

m

m

m – natrojarosite
(NaFe3+3(SO4)2(OH)6)

wet sed

CP-09-T18

t

m

M

m

m

m – aluminum sulfate
hydrate, t –
anhydrite, marcasite

t

m – hematite

m – jarosite,
hematite
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Figure 3.6. Mineralogy map of the Colour Peak (CP) spring site, as determined by
X-ray diffraction. Different shapes indicate different types of samples. Large outer
shapes indicate minerals present in major quantities, medium inner circles indicate
minor quantities, and small inner-most circles (and circles off to the side) indicate
trace amounts. Thick blue outline indicates the flow path from the largest outlet (CP
1), as mapped in 2009. Thinner blue and brown lines indicate approximate locations
of the largest flow paths (active and dry, respectively) from other outlets.
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3.4.3

Gypsum Hill

Fifty-two samples from CP were analyzed for mineralogy via XRD: thirty-four
precipitated mineral crust samples, nine samples of un-solidified wet “juvenile” crust, or
remnant icing deposits, five sediment samples from the spring outflow path, and four
samples of sediment from raised mounds. Qualitative mineralogy of each sample is
shown in Table 3.4. Mineral abundances and distribution have been mapped and are
shown in Figure 3.7. The most abundant minerals at GH are, in decreasing order,
gypsum, halite, elemental sulfur, quartz (presumed detrital), calcite, and presumed
detrital plagioclase and clays. Very few samples contain Na-sulfate minerals. Gypsum
covers the site in fine white powder and is also found in sediments within outflow paths.
Sediments at GH are primarily composed of quartz. Halite forms hard crusts, although
halite crusts are less abundant here than at the other spring sites.
A majority of the samples were taken from the outflow path of the outlet with the greatest
flow rate, GH-26 (Fig. 3.4f). This is the only flow path at GH which features fully
developed channels (Fig. 3.4g) and terraces (Fig. 3.4e). Samples taken from the
uppermost portion of GH-26 are all hard white mineral crusts on top of dry soil (Fig. 3.4i)
proximal to the four outlets of GH-26. They comprise halite with minor gypsum. Where
the four outflows meet (Fig. 3.4f), a yellow-grey mineral sample submersed in the water
is composed of quartz and gypsum with minor halite, sulfur, calcite, and plagioclase.
Further downstream yellow-grey terraces (Fig. 3.4e) and channels (Fig. 3.4g) are
composed mainly of elemental sulfur with varying amounts of gypsum, calcite, quartz,
halite, and plagioclase. These look similar in morphology to the CP terraces and
channels, but mineralogy is clearly very different. GH-21 also features small terraces and
channels. These contain quartz, sulfur, gypsum, calcite, and plagioclase, with minor
gypsum and halite, and trace amounts of clays. Further downstream, a sample of what
look to be freshly formed white nodules, or “juvenile” mineral crusts, are mostly sulfur
and calcite with gypsum, quartz, and halite (Fig. 3.4h). Elsewhere, nodules with similar
appearances are composed mostly of gypsum.
Spring GH-14 features a typical pool-form outlet (also known informally as “little black
pond”; Fig. 3.4b). The pool at the top of the outflow is 1 m in diameter, and contains
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black sediment at the bottom. This sediment is composed of quartz with minor
plagioclase, gypsum, halite, and calcite, with trace amounts of clays. GH-13 has a similar
pool-form outlet, and mineralogy of the sediment is similar. Mineral deposits along other
outflow paths contain mostly gypsum, and hard white crusts away from flow paths
throughout the site are mainly halite with gypsum. Powdery white material covering the
site is mostly gypsum, as is gooey white material that is sitting on top of the icing cover,
or has fallen from the icing as it retreated.
During July of 2008 and 2009, ~ten dried stream beds were observed, indicating past
spring flow. At least two of these “past-springs” exhibit large mounds (Fig. 3.4c).
Gypsum occurs as 1–5 mm crystals in raised mounds upstream of the present day flow
path of a few of these springs, in what appears to be the middle of previous flow paths.
The largest mound is at GH-18, and contains gypsum and quartz crystals. Three smaller
mounds at GH-22 contain major halite, and varying amounts of quartz, calcite, gypsum,
plagioclase, and clays. At GH-30, along the past outflow path, raised features resembling
large terraces (Fig. 3.4d) contain mostly quartz with minor gypsum, halite, plagioclase,
and clays. Analyses from subsamples of a 5 cm diameter core sample taken to a depth of
43 cm indicate that subsurface samples are predominantly composed of gypsum and
quartz, with minor plagioclase. Relative abundance of gypsum does not change
significantly with depth.
Precipitates from the evaporated water samples from GH contained halite with minor
gypsum, and some contained calcite. Finally, all gypsum samples showed an abnormally
large peak at 2θ = 13.5, which may be due to preferred orientation of grains.

Table 3.4. Mineralogy of samples from GH. “M” indicates mineral comprises a
major portion of sample, “m” a minor portion, and “t” a trace amount, based on
qualitative XRD peak height intensities. Hl = halite (NaCl), Thn = thenardite
(Na2SO4), Gp = gypsum (CaSO4·2H2O), Mir = mirabilite (Na2SO4·10H2O), S =
elemental sulfur (S), Eug = eugsterite (Na4Ca(SO4)3·2(H2O)), Qtz = quartz (SiO2), Pl
= plagioclase, Phy = phyllosilicates, Dol = dolomite (CaMg(CO3)2), Cal = calcite
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(Ca(CO3)), Mgs = magnesite (Mg(CO3)). “Dry sed” refers to crust samples collected
with dry sediment, “wet sed” refers to wet sediment samples collected from
channels, and “icing” refers to unconsolidated crust on top of (or melted from)
water ice.
Type

Sample #

crust

GH-6

crust

Hl

Thn

Gp

Cal

Mir

S

Eug

Qtz

Pl

Phy

Other minerals

t

M

t

GH-13

M

m

crust

GH-14c

M

m

crust

GH-18a

M

crust

GH-20

M

crust

GH-09-30a

M

t

crust

GH-09-29a

M

t

crust

GH-09-26a

M

t

crust

GH-09-26b

M

t

crust

GH-09-26c

M

t

t

t – calcium chlorite
hydrate
(Ca(ClO)2·3H2O)

crust

GH-09-26d

M

t

t

t – calcium chlorite
hydrate

crust

GH-09-26e

m

M

crust

GH-09-26g

M

m

crust

GH-09-26h

m

m

m

M

m

m

crust

GH-09-26i

m

M

t

M

m

t

crust

GH-09-26ii

m

M

m

M

M

t

crust

GH-09-26iii

m

m

M

M

m

t

crust

GH-09-26iiii

m

m

m

M

m

t

crust

GH-09-26j

m

m

M

M

m

t

crust

GH-09-26m

m

m

m

M

M

t

crust

GH-09-26o

M

m

t

t

crust

GH-09-26q

M

t

crust

GH-09-26r

M

t

crust

GH-09-25a

M

t

m

m
m

M
t

m

m

M

t – calcium chlorite
hydrate, sodium
alum

m

t – rutile

t
t

t

t – calcium chlorite
hydrate
t – calcium chlorite
hydrate
t – calcium chlorite
hydrate
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crust

GH-09-27a

M

t

crust

GH-09-23a

m

m

t

t

M

crust

GH-09-22c

m

M

t

m

m

crust

GH-09-22b

M

m

crust

GH-0922bb

m

M

m

m

crust

GH-09-21a

M

m

crust

GH-09-21c

M

m

crust

GH-09-21d

m

m

M

M

M

t

t – sodium alum

crust

GH-09-21e

m

m

M

M

m

t

t – sodium alum

crust

GH-09-20a

M

m

t

t

crust

GH-09-17a

m

M

m

M

crust

GH-09-15a

M

m

crust

GH-09-15c

t

M

crust

GH-09-21h

m

M

dry sed

GH-18b

dry sed

GH-22

dry sed

m

t

t – sodium alum

t
M

t

m

t

t
t

m
t

M

M

M

M

m

M

M

M

m

GH-28

M

M

m

m

dry sed

GH-30a

m

M

m

m

dry sed

GH-09-22a

dry sed

GH-09-18a

wet sed

GH-3b

m

m

wet sed

GH-30b

m

m

wet sed

GH-09-19a

m

M

t

M

wet sed

GH-09-14a

m

m

m

M

m

m

wet sed

GH-09-13a

m

t

m

M

m

t

t – goethite
Fe3+O(OH)

icing

GH-7

M

icing

GH-10b

M

icing + sed

GH-09-26f

M

m

t

t

M

m

m

m – calcium chlorite
hydrate, sodium
alum

icing

GH-09-26k

t

M

t

t

t

M

M

t – sodium alum

t

m

m

m

t

M

m

m

t – sodium alum

M

m

t

t – aluminum sulfate
hydrate
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Figure 3.7. Mineralogy map of the Gypsum Hill (GH) spring site, as determined by
X-ray diffraction. Different shapes indicate different types of samples. Large outer
shapes indicate minerals present in major quantities, medium inner circles indicate
minor quantities, and small inner-most circles indicate trace amounts.
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3.5

Discussion

3.5.1

Mineralogy trends

3.5.1.1

Major differences between WS, CP, and GH

Mineralogy is highly variable between the three spring systems, despite close geographic
proximity. Wolf spring is dominated by thenardite, Colour Peak is dominated by calcite,
and Gypsum Hill is dominated by gypsum. All spring sites feature abundant halite. As
these minerals are all formed by precipitation, mineralogy will be controlled largely by
water chemistry, as well as temperature and pressure conditions, and flow rate. Water
chemistry, in turn, is mostly controlled by mineralogy of the units the source waters flow
through at depth. The relative abundances of Ca-carbonate and sulfate at CP compared to
GH have been discussed by Omelon (1999) and Omelon et al. (2006). The water at WS is
much more saline than the other sites (22.4 % at WS, compared to 16.6 % at CP, and 8.3
% at GH), and minerals are much richer in Na than Ca, unlike at CP and GH.
3.5.1.2

Mineral distribution

Previous studies have reported the dominant minerals at CP and GH (Pollard et al., 1999;
Omelon, 1999; Omelon et al., 2001; Andersen, 2004; Omelon et al., 2006). This is the
first study to report on the dominant minerals at WS, and the distribution of mineral
crusts throughout all three sites. Halite, gypsum, elemental S, quartz, and calcite were
identified at all three sites. Halite was frequently identified in samples of harder crusts at
all three sites, which were laterally further from the flow path. This is logical, as any
halite that existed in samples in the flow path would have been dissolved during contact
with water. Gypsum also occurs at all three sites. It is most commonly found in sediments
at all sites, and forming delicate crystals surrounding both the WS vent, and the largest
outflow at the CP springs.
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Table 3.5. Distribution of most common minerals at the WS, CP, and GH spring
sites.
Dominant minerals

Mineral formulae

Occurrences

Halite

NaCl

Hard white crusts away from current flow
paths (washed away by heavy rain)

Gypsum

CaSO4•2H2O

Muds; 1-2 cm nodules of “juvenile” crusts
in outflow paths; 2+ metre raised
mounds at GH; on top of icing at GH and
CP

Calcite

CaCO3

Terraces and travertine channels at CP;
minor and trace amounts along GH
channels

Thenardite

Na2SO4

Soft, powdery crusts at WS

Mirabilite

Na2SO4•10H2O

Grey crystals beneath soft, powdery
crusts at WS

Sulfur

S

Muds, often in association with gypsum;
forming channels at GH; minor and trace
amounts along CP channels; present in
1-2 cm nodules of “juvenile” crusts in
outflow paths

Quartz

SiO2

Samples containing sediment (confirmed
to be allochthonous via microscopy);
often in association with plagioclase

Plagioclase

(Ca, Na)(Si, Al)4O8

Samples containing sediment (thus
suspected to be allochthonous); often in
association with quartz

Phyllosilicates

Typically present only in trace amounts,
spread throughout all three sites

Where elemental sulfur is found, it is almost always in association with gypsum, usually
in wet sediments. The only exception to this is where S forms channels and terraces at
GH, and gypsum is not always present. The channels, terraces, and nodules observed at
GH are morphologically similar to features at CP, but are mineralogically different. At
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GH these were found to be composed primarily of elemental sulfur with varying amounts
of calcite, quartz, and gypsum. The reason for this has yet to be determined.
Many CP and GH samples contained greater amounts of quartz than expected. However,
most of the samples with elevated quartz levels were scraped from on top of soil, and are
almost always associated with plagioclase and/or clay minerals. In addition, quartz was
detected by XRD, and therefore must be crystalline rather than amorphous. Optical
microscopy of polished thin sections from all three sites confirms that quartz crystals are
rounded and appear to have undergone weathering during transportation, unlike the
textures observed in low temperature saline springs by Grasby et al. (2009), which show
multiphase quartz growth and concentric development of silica cement. It is, therefore,
assumed that most, if not all of the observed quartz is allochthonous, and derived from
the weathering of glacially transported materials, rather than being deposited locally as
biogenic or abiogenic amorphous silica.
In addition, one large mound at GH up to approximately 1.5 m high and 4 m long x 2 m
wide (parallel to flow direction) was found to be predominantly gypsum and quartz, with
varying amounts of calcite, plagioclase, muscovite, and sodiumalum. Based on
mineralogy and morphology, this and other mounds may be remnants of older springs,
mixed with alluvium. Mounds may exist today as raised landforms due to frost blistering
in the winter and uplifting of alluvium as well as spring deposits.
3.5.1.3

Seasonally dependent mineralogy at WS

During the summer, the WS vent is covered in a layer several mm thick of a very fine,
white, powdery material, overlying delicate grey crystals. The powdery white material
observed in the summer months was likely deposited as a metastable hydrated mineral
during the winter, which dehydrates and loses its structure during the summer months.
During the winter, this mineral crust blocks water from flowing out of the vent and
causes it to overflow, resulting in an accumulation of precipitated minerals, and
ultimately creating different vent morphologies from year to year. Similarly, a metastable
calcium mineral, ikaite (CaCO3 • 6H2O), is believed to form in the winter months at CP
(Omelon, 1999; Omelon et al., 2001). Previous preliminary studies hypothesized that
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mineralogy at WS may include hydrohalite (NaCl•2(H2O)) in the winter, which dissolves
in the summer (Andersen et al., 2008). Hydrohalite was not detected during this study.
This could be because no hydrohalite is present, or possibly because samples were
collected during the summer, after any hydrohalite had dissolved or dehydrated to halite.
Dehydrated and hydrated Na-sulfates were, however, detected. Thenardite was detected
in greater abundances than its decahydrate counterpart, mirabilite, but it is suspected that
some of the “thenardite” may have existed at the spring site as hydrated mirabilite, but
dehydrated during or after sampling, transport back to the lab, sample preparation, or
analysis. Thus, it is possible that mirabilite and/or hydrohalite, and/or other hydrated,
meta-stable Na-sulfate phases, such as heptahydrate (Hall and Hamilton, 2008), are
deposited during winter months and dissolve or dehydrate during summer months,
allowing water to flow out through the bottom of the vent.
XRD results indicate that the very fine white powder overlying grey crystals at WS is
mostly thenardite and the underlying delicate grey crystals are mirabilite and other
minerals. This suggests that mirabilite is better preserved when it is buried and protected
from dehydration beneath younger layers. This also strengthens the argument that
mirabilite may form in the winter, and dehydrate to thenardite as it is exposed to warmer
summer temperatures and cold, dry air. A “stalactite” sample from the vent was
determined to contain mostly thenardite with halite and quartz, with no mirabilite.
However, it was noted that after shipping samples back from the Arctic, the stalactite
sample bag contained water. It was dry when collected, suggesting that perhaps a
hydrated mineral dehydrated in transit.
3.5.2

Implications for biology

3.5.2.1

Role of sulfur, sulfate, and sulfide in microbial metabolism

Sulfur-oxidizing bacteria are the dominant organisms in the sediments underlying the
spring flow paths at CP, GH (Perreault et al., 2007). These sulfur-oxidizers may use H2S
as the electron donor, and SO42- as the electron acceptor (Perreault et al., 2007).
Therefore, some of the gypsum in the wet sediments at the spring sites could be
metabolic by-products of sulfur-oxidizing bacteria. Although less energetically
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favourable, sulfide could also be oxidized by sulfur-oxidizing bacteria to produce
elemental sulfur (Madigan and Martinko, 2006). Elemental sulfur is found in the
sediments inside the vent at WS and in sediments downstream from the WS and CP
outlets, sometimes forming nodules, forming channels at GH, and in almost all cases is in
association with gypsum. Elemental sulfur is associated with sulfur oxidizing bacteria in
“streamer” biofilms (Clarke et al., 2010), but the mechanism is not yet understood. It is
possible that H2S oxidizing bacteria deposit S0 inside the cell as an energy reserve
(Madigan and Martinko, 2006), in case the system becomes depleted in H2S (e.g., in the
summer, when the snow cover has melted and no longer “locks in” H2S), and S0 is needed
as an electron donor for oxidation to sulfate.
Borup spring on neighbouring Ellesmere Island is a supraglacial, saline cold spring with
mineral deposits dominated by elemental sulfur, and with smaller amounts of gypsum
and calcite. Microbial communities cultivated from Borup spring have the potential to
cause precipitation of elemental sulfur (Gleeson et al., 2011). Microscopy of cultivated
communities revealed cells with filaments and sheaths mineralized with extracellular
sulfur grains. These communities were dominated by Marinobacter and also included
Loktanella spp., both of which have also been documented at CP and GH (Perreault et
al., 2007), as well as WS (Niederberger et al., 2010). Given the similar environmental
settings, water chemistry, mineralogy, and microbial communities at Borup spring and
the Axel Heiberg Island springs, it is possible that microbes at the Axel Heiberg Island
springs may be responsible for S0 deposition using similar mechanisms. Sulfur- and
sulfate-reducing bacteria are also present in the GH & CP springs, but in lower
concentrations than sulfur oxidizing bacteria (Perreault et al., 2007). It is possible that
these organisms may be using sulfate or elemental sulfur as electron acceptors and are
producing HS-, which is excreted into the surrounding environment (Madigan and
Martinko, 2006). These organisms may dominate in the anoxic subsurface and may
explain the abundant H2S being produced at all three spring sites.
3.5.2.2

Role of sulfate salts in preserving amino acids

Finding preserved evidence of biological or organic compounds is key to finding life on
Mars, or on another planetary body. However, radiation and oxidizing conditions on the
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surface of Mars will destroy organic molecules, if unprotected (Stoker and Bullock,
1997). On Earth, anoxic environments with low temperatures and high ionic
concentrations are known to maintain stability of DNA for very long periods of time
(Inagaki et al., 2005). As all three spring sites meet these criteria to a reasonable degree,
they, and any analogous ancient spring sites on Mars, may be suitable sites for preserving
ancient DNA. Furthermore, co-deposition of organic or biological materials with
evaporite minerals, such as sulfate salts and halite could increase the chances of
preservation of organics (Tehei et al., 2002; Parnell et al., 2007). Co-deposition of
bio/organic compounds with sulfate salts is commonplace on the Earth (Aubrey et al.,
2006). Specifically, Na-sulfate is capable of both preserving and facilitating the
identification of aromatic amino acids (Richardson et al., 2009; Richardson, 2010). Thus,
on Mars bio/organic compounds may also have been co-deposited with and, thus,
protected from degradation and destruction by sulfate salts, such as thenardite.
There is abundant evidence of sulfate minerals on the surface of Mars from orbital
(Bibring et al., 2006) and ground-based instruments (Squyres et al., 2004a), including
potential evidence of Na-sulfates, reported by Zhu et al. (2006) and Mangold et al.
(2008). Amino acids that have been co-deposited with thenardite can be detected using
mass spectrometry techniques, as described by Richardson et al. (2009) and Richardson
(2010). With this in mind, the Wolf spring site, which is an excellent Mars analogue for a
variety of reasons as described throughout this paper, becomes even more interesting
astrobiologically. WS is known to support microbial metabolism and to precipitate
sodium sulfate crusts and it may contain evidence of bio/organic compounds in its
precipitate crusts. Therefore, WS provides a perfect natural laboratory for studying
organic compound preservation in Na-sulfate mineral crusts. This will be the subject of
future studies. Furthermore, mass spectrometry instruments may fly on a future Mars
mission, and WS would be a suitable location to test amino acid detection techniques on
Earth.
3.5.3

Origin of springs

It has been suggested that the major sources of water at CP and GH are a combination of
subglacial melt water and water from a glacially dammed, perennially ice-covered alpine
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lake, Phantom Lake, ~400 m above, and ~13 km laterally from the GH spring outlets
(Andersen et al., 2002). This hypothesis is based in part on measurements of gases in
bubbles at one GH spring (Andersen, 2004). The water recharge areas and flow paths are
likely related to the evaporitic piercement structures (Andersen et al., 2002). Zentilli et
al. (2005) also point out that salt conducts heat better than other rocks and, therefore,
diapirs funnel geothermal heat upward. Alternatively, groundwater-fed saline cold
springs on Ellesmere Island, including the supraglacial sulfur spring, Borup Spring, flow
in areas of thick permafrost despite the lack of local diapirs (Grasby et al., 2003; Grasby
et al., 2012). The formation model for Borup Spring and nearby paleo-spring pipes
involves sub-glacial recharge paired with sulfuric acid speleogenesis (SAS; Grasby et al.,
2012). This model requires both local unfrozen subsurface conditions caused by a
proximal polythermal glacier, as well as subsurface microbial reduction of sulfate
generating elevated levels of H2S, and subsequent subaqueous microbial sulfide oxidation
producing sulfuric acid, and dissolving limestone host rock to form spring pipes. Gypsum
Hill may be located close enough to the terminus of the White and Thompson glaciers
(~3 km) and Colour Peak may be close enough to Crusoe glacier (~3 km) that subglacial
hydrogeology might have played a role in initiating spring flow. Spring flow could have
been maintained since then by heat transport, even after glacial retreat, according to the
model by Grasby et al. (2012). In addition, although sulfate reducing and sulfur oxidizing
bacteria have been reported at GH and CP, host rock at the spring sites is mostly
anhydrite, and thus not prone to dissolution by SAS.
While the above models may work for the springs at Colour Peak and Gypsum Hill, they
do not easily apply to the Wolf spring. The model involving water sourced from a
glacially dammed lake is unlikely, as a lake of sufficient size is not present in close
proximity to the spring. The sub-glacial recharge model is not probable because the site
lacks a glacier in immediate proximity. The source of Wolf spring is therefore unknown,
and is the subject of ongoing work.
3.5.3.1

Evaporites in the subsurface

The hypersaline conditions and abundance of Na-bearing precipitates at WS suggest that
subsurface source water may flow through the halite core of the Wolf diapir before
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resurfacing in the spring. This leads to questions about the depth and thickness of diapirs
and evaporate layers in the subsurface, as well as depth to halite. Diapirs on the western
portion of Axel Heiberg Island (including WS, CP, and GH) occur in a denser cluster
than other diapirs in the Sverdrup Basin. These have been interpreted by Jackson and
Harrison (2006) to be second-generation diapirs, which have risen from a shallow
allochthonous salt canopy. They suggest the canopy formed in the Early Cretaceous,
during seafloor spreading in the Arctic Ocean, and now sits at a depth inferred to be 5 km
or less. Diapirs outside of this area are assumed to have risen from autochthonous
evaporites of the Carboniferous Otto Fiord Formation at a greater depth, estimated to be
10 km or less (Jackson and Harrison, 2006).
Halite was not observed in Wolf diapir at the surface surrounding the spring site. Only
one of the more than 50 diapirs on Axel Heiberg Island (Stephenson et al., 1992), has its
halite core and internal structure exposed at the surface. Stolz diapir is located
approximately 65 km east of WS, and has excellent exposures of rock salt, as well as
gypsified anhydrite, and a 5-10 m cap of NaSO4 (Schwerdtner and van Kranendonk,
1984). It is not derived from the proposed allochthonous salt canopy, and therefore direct
correlations between the internal structures of Wolf and Stolz diapirs may not be
possible.
In addition, drill well Hoodoo L-41 in Hoodoo diapir on Ellef Ringes Island, 200 km
west of Axel Heiberg Island, has revealed a thick halite interval at least 3660 m deep,
capped by 280 m of anhydrite and limestone (Meneley et al., 1975; Trettin, 1991).
However, Hoodoo diapir is presumably rooted in an autochthonous evaporate layer, and
thus is not directly comparable to Wolf diapir, which is of allochthonous origin. Halite
has not been directly observed in any other diapirs in the Sverdrup Basin, and thus it is
not clear what the average depth to halite is.
We hypothesize that a halite core of Wolf diapir is present relatively nearer to the surface
than potential halite at Colour or Expedition diapirs, but data is insufficient to infer depth
with any accuracy. It is possible that halite may be present at any depth from just below
the surface, to a depth of up to approximately 5 km (Jackson and Harrison, 2006). The
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colder temperature of the spring water at WS compared to springs at CP and GH (-4.8 °C
at WS (Niederberger et al., 2010), 3.6 °C at CP (Pollard et al., 1999), and 3.9 °C at GH
(Pollard et al., 1999)), suggests that water may be flowing deeper at CP and GH than at
WS, and thus experiencing more geothermal heating. Alternatively, the high salinity of
the WS water may simply allow this water to be colder and have no bearing of depth of
fluid flow.
It is also possible that the WS source water flows to a greater depth to reach halite. While
flowing to a greater depth means more heating below permafrost due to geothermal
gradient, it also means more permafrost and, therefore, water flowing deeper would also
cool more as it travels back up through the permafrost. Any of these scenarios could
explain both the greater salinity, and the relative enrichment of Na in minerals at WS as
compared to the other sites.
3.5.4

Comparison to Mars

Saline springs of a scale similar to the Axel Heiberg Island springs and with similar outlet
temperatures could have existed on Mars (Andersen et al., 2002). These conditions are
plausible given models for the martian geothermal gradient (Clifford, 1993) and evidence
of evaporite deposits on Mars’ surface ( Squyres et al., 2004b; Bibring et al., 2006).
When coupled with orbital imagery data showing structures with geomorphic similarities
to terrestrial springs (e.g., Arabia Terra; Allen and Oehler, 2008), this suggests that past
upwelling and evaporation of saline water on Mars' surface by springs may have
occurred. Of particular interest to this study, HiRISE images of terraced vent-like
structures in Vernal Crater, Arabia Terra, Mars (Allen and Oehler, 2008) bear similarities
to WS in terms of size, albedo, and morphology (Fig. 3.8).
Due to the potential for diapirism on Mars, cold, saline, perennial spring systems
associated with diapirs, in which water would have been able to flow to the Martian
surface year round, may be of particular interest. Analogous systems on Earth are
pertinent to better understand how springs might have functioned, and possibly preserved
biosignatures, on Mars. Although the source of methane at the Wolf spring site
(thermogenic gas from Sverdrup Basin; Niederberger et al., 2010) is not likely analogous
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to the source of putative methane on Mars, it is still relevant as an analogous methane
seep in a cryoenvironment. Much like at WS, methane on the Red Planet could also act as
an energy and carbon source for sustaining microbial life (Niederberger et al., 2009).
In addition, it is obvious from Axel Heiberg Island that cold springs are capable of
depositing a wide range of different mineral precipitates, at different spring sites located
within 40 km of each other, and even within tens of metres at a single spring site.
Therefore, gaining a better understanding of the variety of precipitates that might be
expected and determining the distribution of mineral crusts at analogous spring sites may
help us to identify remnants of ancient spring sites on Mars. This background knowledge
may also be useful in developing hypotheses about the origins of possible spring sites on
Mars, and potential for the habitability and preservation of life.
3.5.5

Comparison to Europa

Hydrated salts are present on the surface of Jupiter’s moon, Europa. McCord et al. (1999)
postulated these are some combination of natron (Na2CO3•10(H2O)), bloedite
(Na2Mg(SO4)2•4(H2O)), epsomite (MgSO4•7(H2O)), and hexahydrite (MgSO4•6(H2O)) as
well as mirabilite (Na2SO4•10H2O), which could account for up to 24% of the hydrated
salts. Dalton (2007) suggests a mixture of 14% hexahydrite, 11% bloedite, 12%
mirabilite, and 62% sulfuric acid hydrate produce the best possible spectral match. While
the depositional environment on Europa differs in many ways from the surface conditions
on Axel Heiberg today, the Wolf spring may still be one good mineralogical analogue on
Earth for Europa, given the presence of mirabilite in a cold, semi-arid desert
environment, and the precipitation of mirabilite by the upwelling of cold, salty subsurface
water.
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Figure 3.8. Comparison of potential martian spring deposit and terrestrial cold
spring deposit. Black solid arrows indicate central depressions and black dashed
arrows indicate terraces. A: Spring-like structure in Vernal Crater, SW Arabia
Terra (HiRISE image PSP_002812_1855; modified from Allen & Oehler (2008)). B:
Aerial photo of Wolf spring.
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3.6

Conclusions

There is a large degree of variability between minerals precipitated at three saline
perennial cold springs near Expedition Fiord on Axel Heiberg Island, despite close
geographic proximity. Several trends can be observed moving from the spring outlet and
downstream, as well as laterally across springs. Despite high salinity, cool temperatures,
24-hour darkness in the winter, and anoxic conditions, this analogue site is hospitable to
microbial life. Saline perennial springs on Axel Heiberg may represent a good
depositional analogue to past aqueous environments on Mars. These present-day springs
may be similar to springs that existed during Mars’ past, for example at Arabia Terra, in
terms of scale, albedo, surface texture, geomorphology, and perhaps mineralogy,
although more data is needed from Mars to confirm the latter. If sulfate salt deposits on
Mars were emplaced by a similar mechanism, under similar environmental conditions,
they may also have supported life.
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Chapter 4

4

Comparison of X-ray diffraction and reflectance
spectroscopy data from saline perennial Wolf Spring
mineral deposits, Axel Heiberg Island, NU, and
implications for detecting cold spring deposits on Mars
4.1

Introduction

In the search for evidence of life on Mars, features resembling spring deposits have been
proposed as prime candidates (Walter and Des Marais, 1993). Springs exist on Earth in a
variety of settings and many are hospitable to life despite environmental extremes.
Although surface conditions at spring outflow sites may not be ideal for supporting life,
spring waters can flow for great distances beneath planetary surfaces, where conditions
might be much better for hosting life. Spring waters can flow through salt domes and
permafrost (Pollard et al., 1999), glaciers (Grasby et al., 2012), and salt (or other) cave
systems (Schwerdtner and van Kranendonk, 1984). On Mars, subsurface settings such as
these could offer protection from harsh surface conditions and, therefore, would be more
likely to have the potential to support life. Microbes living in any of these underground
settings on Mars could theoretically be transported upwards via spring water and
potentially fossilized in surface spring deposits.
Although liquid H2O is not stable on Mars’ surface under current conditions, there is
evidence for at least sporadic outflow from gullies within the past decade (Malin et al.,
2006). Even if conditions on Mars were no warmer or wetter in the past than today,
spring waters could have flowed to the surface provided water was saline enough or hot
enough to remain liquid despite permafrost conditions. Several authors have reported
potential evidence for spring activity on Mars (e.g., Malin and Edgett, 2000; Malin et al.,
2006; Allen and Oehler, 2008; Rossi et al., 2008; McEwen et al., 2011). Evidence can be
partitioned into three categories: 1. landforms with geomorphology similar to springs
observed on Earth; e.g., Arabia Terra (Allen and Oehler, 2008); 2. white streaks observed
in Mars Global Surveyor (MGS) Mars Orbiter Camera (MOC) and Mars Reconnaissance
Orbiter (MRO) Context Camera (CTX) and High Resolution Imaging Science
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Experiment (HiRISE) images that were not present at the same location less than 10 years
before (Malin et al., 2006; Harrison et al., 2009); and 3. mineral deposits consistent with
deposition by upwelling ground water; e.g., Meridiani Planum (Squyres et al., 2004),
near Gusev Crater (Squyres et al., 2008), and Mawrth Vallis (Farrand et al., 2009;
Chapter 2). The best mineralogical datasets available with the most widespread coverage
of Mars are from orbital spectroscopy, yet mineralogy of analogous sites on Earth is
typically not assessed via spectroscopy, but rather via a more standard laboratory
technique, such as X-ray Diffraction (XRD). Such data does not yet exist for Mars. In
order to anticipate and confirm spectral signatures of martian spring deposits, it is useful
to compare terrestrial lab quality XRD data to spectral data from Mars analogue spring
sites.
Although many different types of spring systems have been studied on Earth, here we
will focus on saline cold springs that flow through permafrost. These are a good analogue
for springs on Mars if conditions were never significantly warmer and wetter than they
are today (Andersen et al., 2002; Chapter 2; Chapter 3). Specifically, this paper discusses
samples collected from the Wolf spring on Axel Heiberg Island, Nunavut, Canada.
4.1.1

Description of study site

Axel Heiberg Island, located within the Sverdrup basin in the Canadian High Arctic, is
host to over 100 gypsum-anhydrite diapirs. At least one of these diapirs has exposed
halite, or possibly a halite core; e.g., Stolz diapir (Schwerdtner and van Kranendonk,
1984). Sverdrup basin is an intracratonic sedimentary trough containing a minimum of 13
km of faulted and folded sedimentary rocks ranging from Carboniferous to Tertiary in
age (Balkwill, 1978; Embry and Beauchamp, 2008). Diapirs originated as layered
evaporites deposited during the Carboniferous. Evaporite layers consist of a thick layer of
anhydrite (at least 400 m) with minor limestone interbeds, underlain by halite of
unknown stratigraphic thickness featuring minor anhydrite interbeds (Stephenson et al.,
1992). Later the region underwent several orogenic periods. Evaporite layers, being
relatively more buoyant than surrounding bedrock, were squeezed upward along faults
and folds, to form piercement structures (diapirs) from the Triassic to the Eurekan
orogeny of the Tertiary (Thorsteinsson, 1974; Stephenson et al., 1992). During the Early
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Cretaceous a canopy of evaporites formed in the subsurface beneath central Axel Heiberg
Island, in the Expedition Fiord area, as an allochthonous coalescence of older evaporite
diapirs (Jackson and Harrison, 2006). The diapirs we see at the surface in this area today
are likely sourced from this secondary canopy, and thus have shallower roots than most
other diapirs. Exact depths are not known, but are estimated to be less than 5 km (Jackson
and Harrison, 2006).
Springs flow year-round from at least eight of the diapirs on Axel Heiberg Island
(Andersen et al., 2008). These are among the highest latitude non-volcanic perennial
springs known on Earth. The water feeding these three springs is thought to enter the
surface through fractures in diapirs, flow through 400 to 600 m of permafrost, and reach
the surface again through taliks in diapirs (Andersen, 2004). The average annual air
temperature at Expedition Fiord is -15 °C, (Doran et al., 1996) and temperatures
frequently fall below -40 °C during the winter (Omelon, 1999), yet the water temperature
at each individual spring site is relatively consistent year round. Mineral deposits at the
three spring systems closest to Expedition Fiord (Gypsum Hill, Colour Peak, and Wolf
springs) have been described in detail in Chapter 3. This paper will focus on Wolf spring,
which has also been referred to as “Lost Hammer” spring by other authors (e.g.,
Niederberger et al., 2010).
Wolf spring (WS), located at N79°04.285', W090°12.755' (Fig. 4.1), was initially mapped
by Harrison and Jackson (2008), and described by Andersen et al. (2008). It flows from a
single outlet at the base of a hollow vent-like conical structure approximately 2.5 m tall
and 3 m in diameter at the base (Fig. 4.2). During the winter months water is confined to
the vent, and it fills from three quarters to completely full of water, overflowing to form
terraces (Andersen et al., 2008; Niederberger et al., 2010). Confinement is likely due to
low temperature crystallization of the mineral mirabilite (Na2SO4•10H2O; Chapter 3),
possibly in combination with ice. During the summer months mirabilite is hypothesized
to dehydrate to thenardite (Na2SO4), allowing water to drain from the vent (Chapter 3).
Water levels in the vent are therefore much lower in the summer and water flows through
the side of the structure in a continuous stream ~150 m down a very shallow slope from
the vent to drain into the river below. A ~1 m high terrace of mineral deposits surrounds
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Figure 4.1. Location of Wolf spring, near Strand Fiord on Axel Heiberg Island,
Nunavut, Canada (modified from Chapter 3).
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Figure 4.2. A. WS vent (small red box) and raised terrace downstream of vent,
surrounded by saltpan deposits. B. WS vent as seen from above; 3 m diameter. C.
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Vent with hammer for scale. D. View inside the vent. Note geologist for scale. E.
Sample of dark sediment from vent bottom. Geologist for scale. F. Sample LH01b;
white powder covering surface of vent. Hammer for scale. G. Sample LH02b; grey
crystals beneath powder with hammer for scale. H. Sample LH01a; stalactite
structures. Ruler for scale. I. Sample LH08; sediment downstream along outflow.
Hammer for scale. J. Sample LH06; hard white mineral crust from dried channel.
Hammer for scale. Modified from Chapter 3.
the vent and extends approximately 24 m downstream. A thin white layer of spring
deposits millimetres to centimetres thick covers an area approximately 150 m x 30 m
surrounding the vent and flow-path. Mineralogy of spring deposits is dominated by halite
(NaCl), thenardite (Na2SO4), mirabilite (Na2SO4•10H2O), gypsum (CaSO4•2H2O),
elemental sulfur, and other sulfate minerals (Chapter 3). Water and underlying sediment
temperatures are nearly constant year round, at -5.9 to -4.7 °C in the vent, and -18 to 9.2
°C in outflow channel sediments (Lay et al., 2012). Water salinity is 22–26%, (Pollard et
al., 2009; Niederberger et al., 2010), pH is 5.96 to 7.38, (Lay et al., 2012) and flow rate is
(4-5 L/s; Niederberger et al., 2010). Discharging gas at the vent is composed of ~50%
thermogenic methane with ~35% N2, ~10% CO2, and < 5% of He, H2, and other
hydrocarbons (Niederberger et al., 2009; Niederberger et al., 2010). WS sediments are
host to an active microbial ecosystem, with low microbial diversity (Niederberger et al.,
2010). Halophilic (salt loving), psychrophilic (cold temperature tolerant) bacteria and
archaea have been identified via culture independent analyses, including anaerobic
methane oxidizing archaea (Niederberger et al., 2010). Lay et al. (2012) also reported
phylotypes related to methanogenesis, methanotrophy, sulfur reduction and oxidation and
an archaeal community dominated by phylotypes most closely related to ammoniaoxidation.
Wolf spring is of particular interest as a Mars analogue site for several reasons. First, it is
located in a Mars analogue environment. Minerals precipitate from spring water from
April until August and possibly year round, including at temperatures below the freezing
point of water, and potentially when air temperatures are below -40 °C during the winter.
WS is situated in an area of continuous permafrost within a semi-arid desert. These
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environmental conditions are some of the closest to approximating Mars’ climate
achievable in a natural setting on Earth. Second, it features Mars analogue mineralogy.
Halite, gypsum, and other sulfates have been reported in several locations on Mars
(Gendrin et al., 2005; Langevin et al., 2005) and Na-sulfate has been reported by Zhu et
al. (2006) and Mangold et al. (2008). Third, the hydrology and geological setting of the
WS system in an area of diapiric uplift may be analogous to Mars. If water existed (or
persists) in the martian subsurface it would have needed to be highly saline to remain
liquid under permafrost conditions. Diapirs have been detected on Mars (Baioni and
Wezel, 2010; Wezel and Baioni, 2010) and may provide both the dissolved salts required
to reduce the freezing point of water, and an easy pathway for water to flow to the
surface. Fourth, WS deposits may contain Mars analogue biosignatures. In particular,
sodium sulfate minerals are abundant at the site, and gypsum is present as well. Sodium
sulfates have the ability to preserve evidence of aromatic amino acids (Richardson et al.,
2009; Richardson, 2010) and gypsum is also known to preserve evidence of microbes
(Schopf et al., 2012). Extremophiles at WS may be preserved in sodium or calcium
sulfate minerals. Fifth, while gypsum can be precipitated in a wide range of pH
environments, thenardite requires neutral to alkaline pH to precipitate. Therefore,
thenardite in putative spring sites on Mars would also be useful as a paleoenvironmental
indicator. Sixth, WS microorganisms may exhibit Mars analogue metabolism. It is
possible that putative methane on Mars (Mumma et al., 2009) could have been produced
by a similar methane seep, and could act as a food source to microbes on Mars much as it
does at WS. Finally, WS is a good geomorphological analogue as its vent and terrace
structures bear striking resemblance to potential spring deposits detected in Arabia Terra,
Mars (Allen and Oehler, 2008; Chapter 3). Hence, features on Mars resembling spring
deposits may have been produced through conditions and processes similar to those at
WS.
4.1.2

Application of results to Mars and putative martian spring deposits

Several authors have predicted that Mg-sulfates will be more abundant on Mars than Nasulfates, as Mg is more abundant in the volcanic rocks that cover much of Mars surface.
Mars is enriched in Na relative to other planets, so Na must be present in concentrated

135
areas; for example, a halite-bearing diapir. Diapiric uplift is suspected around Vallis
Marineris (Milliken et al., 2007; Adams et al., 2009; Montgomery et al., 2009). So,
although Na-sulfates are of particular interest due to their ability to preserve organics and
specifically aromatic amino acids (e.g., Richardson et al., 2009), the detection of
thenardite may be difficult in the presence of other sulfates and it may only be found in
association with diapiric uplift or evaporite layers.
4.1.3

Mineralogy from XRD

XRD results, distribution of minerals, and sampling locations have been described in
detail in Chapter 3, but mineralogy based on XRD analysis will be summarized here.
Thirty-one samples from Wolf Spring were analyzed for mineralogy via XRD: Twentyone mineral crust samples, four sediment samples from the spring outflow path, one
biofilm sample from the spring outflow path, and five rock samples from different parts
of Wolf diapir. The most abundant minerals at WS are, in decreasing order, halite,
thenardite, gypsum, mirabilite, other Na-bearing sulfates, and presumed detrital minerals
(quartz, plagioclase, clays). Very few samples contain carbonate minerals; one sample
contains magnesite, and two contain calcite.
The vent is mostly thenardite with mirabilite, halite, other sulfates, and a small amount of
magnesite. Sludge in the bottom of the vent contains thenardite, halite, gypsum,
elemental sulfur, mirabilite, other Na-sulfates, and both quartz and clays. During the
summer the vent is covered in a layer several mm thick of a very fine, white, powdery
material overlying several cm of fine grey elongated crystals. The outside of the vent also
features “stalactite” or “flowstone”-like structures and cm-scale terraces, which change
from year to year. Composition of precipitated mineral crusts varies with depth beneath
the surface of the vent. Mirabilite was only detected in the fine grey material mm to cm
beneath the powdery white surface material, whereas thenardite is the dominant mineral
coating the surface in a fine white powder. Stalactite samples were found to be thenardite
and halite with minor quartz.
A large terrace surrounds the vent, and extends 24 m downstream from the vent.
Throughout the vent structure and the terrace thenardite is the most abundant mineral,
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with varying amounts of halite, other Na-sulfates, small amounts of gypsum, and
suspected detrital minerals such as quartz (detrital nature of quartz confirmed by optical
microscopy; Chapter 3) and clays. A saltpan or thin white layer of minerals up to
centimetres thick extends 150 m x 30 m surrounding the vent and flow-path. Hard white
crusts on dried channel beds are thenardite and halite, and thicker crusts on pebbles are
composed of halite and gypsum. Major amounts of thenardite and minor mirabilite occur
in softer crusts at the vent and along the flow path, sometimes in association with minor
gypsum. Some hard crusts comprise primarily thenardite and halite, and traces of other
Na-sulfates and elemental sulfur.
Near the flow path, halite forms hard white crystals where the ground is dry, with minor
or trace amounts of gypsum, and thenardite. In the flow path, sediments are dominated by
quartz and gypsum, with minor halite, thenardite, plagioclase and clays, and trace
amounts of elemental sulfur. The biofilm sample contains gypsum, halite, and quartz.

4.2
4.2.1

Methodology
Mineral and sediment sample collection

During the summers of 2008 and 2009 a suite of samples was collected from WS.
Mineral crust and sediment samples were gathered with corresponding GPS coordinates,
photos, and observations. Samples were collected in plastic zip-top bags, and were
selected to determine detailed spatial mineralogy trends and variability. Samples include
mineral crusts taken from the large vent structure surrounding the outflow, from transects
downstream along a dried terrace, and from a transect along the current water flow path,
as well as sediments sampled within the outflow pool, and along the outflow path.
4.2.2

Linear mixtures of major minerals

To aid with interpretation of reflectance and Raman spectral data, pure samples of the
three dominant minerals at WS, as determined by XRD, were crushed by hand with an
alumina mortar and pestle, dry sieved to < 45 µm, and mixed in 10% increments. The
mineral mixtures contain combinations of halite, thenardite, and gypsum. Some mixtures
were also made with mirabilite. Although mirabilite was not determined to be abundant,
it is present in a few samples, and it is likely that much of the mineral identified as
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thenardite could have originated as mirabilite in the field, and dehydrated during
transport and sample preparation. Visual observation of fresh samples from Wolf spring
with the naked eye and via optical microscopy reveals mineral grains which have the
luster giving a look of a wet surface, which is characteristic of mirabilite. Chemically
prepared pure mirabilite was acquired. Mirabilite was crushed by hand with an alumina
mortar and pestle, inside a sealed zip lock bag to prevent exposure to dry air, and
subsequent dehydration. Also to avoid dehydration, mirabilite was not dry sieved, but
was crushed to approximately the same grain size as the other samples, by feel. Mixtures
were thoroughly mixed by shaking and rolling samples inside sealed glass vials, by hand.
4.2.3

X-ray Diffraction (XRD)

Detailed mineral determination was performed via XRD (Co K-alpha radiation λ=1.7902
Å, Rigaku Rotaflex, 45kV, 160 mA, 2º-82º 2θ) at the Laboratory for Stable Isotope
Science at the University of Western Ontario (Western), and crystalline mineral phases
were identified using the International Center for Diffraction Data Powder Diffraction
File (ICDD PDF-4) and the BrukerAXS Eva software package at the micro-XRD facility
at Western. Qualitative relative abundances of minerals observed were determined based
on visual inspection of peak height intensities. For the purpose of this study, minerals
with peak height intensities > 9500 counts are referred to as “major”, minerals with peak
height intensities approximately < 9500 are referred to as “minor”, and minerals with
peak height intensities < 500 are considered “trace”. These results were reported in a
previous publication (Chapter 3).
4.2.4

Reflectance spectroscopy

Crushed and whole WS samples as well as crushed linear mixtures of halite, thenardite
and gypsum, plus some mixtures containing mirabilite, were placed into sample cups.
Care was taken to minimize the amount of time that mirabilite-containing mixtures were
exposed to air. Reflectance spectra of these, and unprocessed samples from WS, were
collected with a FieldSpec Pro HR spectrometer and a Bruker Vertex 70 spectrometer at
the University of Winnipeg Planetary Spectroscopy Facility (Cloutis et al., 2006a).
Spectra were acquired from 0.35-2.5 µm using the FieldSpec Pro HR, with a viewing
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geometry of i = 30º, e = 0º. Samples were analyzed relative to Spectralon®. WS samples
were analyzed using a 55 watt quartz-tungsten-halogen light source with a field-of-view
was ~5 mm. 300 spectra were averaged to increase the signal-to-noise ratio. Halitethenardite-gypsum mixtures were analyzed using a 50 watt quartz-tungsten-halogen light
source with a field-of-view was ~5 mm. 500 spectra were averaged to increase the signalto-noise ratio. Pure mirabilite and mixtures containing mirabilite were analyzed using a
50 watt quartz-tungsten-halogen light source, but light source was moved slightly further
away from sample cup and the detector was moved closer, to decrease the temperature
under the light source from 34.5 °C to 29.5 °C, and thus below the spontaneous
dehydration temperature of mirabilite (32 °C; Genkinger and Putnis, 2006), under
equilibrium conditions. Field-of-view was ~2.5 to 3 mm. In addition, only 200 spectra
were averaged to increase the signal-to-noise ratio, thus reducing the amount of time a
sample sat under the light source from approximately 1 minute down to 30 seconds.
Bruker Vertex 70 spectra were acquired from 1.6-25 µm with a viewing geometry of i =
30º, e = 0º, using a mid-IR glowbar light source, a KBr beam splitter, and an MCT cryocooled detector, for all sample types. In addition, samples of pure crushed and uncrushed
mirabilite were allowed to dehydrate while under the FieldSpec Pro HR spectrometer,
and spectra were taken approximately every 2 minutes for 50 minutes. Results were
graphed and absorption features of Wolf Spring samples were identified visually, by
comparison to linear mixture spectra and published data. Spectral analyses were used to
establish whether all minerals can be observed via remote sensing.
4.2.5

Raman spectroscopy

A field portable DeltaNu Rockhound Raman spectrometer was used in the field during
the summer of 2012, for in situ mineral identification. Spectra were acquired from 200 to
2000 cm-1. Samples were analyzed relative to polystyrene using an Advantage Near
Infra-red laser, 785 nm, 120mW light source, an integration time of 10 seconds to
increase the signal-to-noise ratio, and spectral resolution of 8cm-1. The viewing window
of the spectrometer was placed directly against mineral surfaces in the field, and a black
sheet was placed over the spectrometer and sampling area to keep external light out. Field
data was analyzed by comparing to a control library created at Western University, using
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the same Raman instrument to analyze linear mixtures of < 45 µm powders of pure
samples of the three dominant minerals at WS (halite, thenardite, and gypsum), as well as
samples of pure mirabilite.
4.2.6

Whole rock major and trace element analysis

Major and trace elements were determined to support mineral identification. Oxide and
trace element abundances for four representative samples were determined by Acme
Analytical Laboratories Ltd. (Vancouver) via inductively coupled plasma emission
spectrometry (ICP-ES). Total abundances of the major oxides and several minor elements
were reported in weight % or ppm on a 0.2g sample analyzed by ICP-ES following a
lithium metaborate/tetraborate fusion and dilute nitric acid digestion. Loss on ignition
(LOI) is by weight difference after ignition at 1000 °C.

4.3

Results

4.3.1

Spectral analysis

4.3.1.1

Mixtures of halite, thenardite, gypsum, and mirabilite, 0.3 to 2.5 µm

Pure halite has absorption features at 1440 and 1936 nm. Pure thenardite has features at
1410 and 1922 nm, and shows increased reflectance from 380 to 600 nm. Pure gypsum
has absorption features at 1000, 1200, 1390, 1449, 1488, 1534, 1751, 1780, 1944, 1970,
2170, 2220, and 2280 nm. Most notably, the features at 1449, 1488, and 1534 form a
characteristic triplet feature. Pure mirabilite has features at 1000, 1210, 13, 1690, 1780,
1830, and 1920 nm.
Absorption features of halite (H) and thenardite (T) mixtures are very subtle in the 300 to
2500 nm range (Fig. 4.3). Both minerals are highly reflective. Overall, samples with more
halite are more reflective than samples with more thenardite, up to 6% overall. Pure
thenardite has an absorption feature at 1410 nm. Pure halite has a feature at 1440 nm. All
HT mixes show features at both 1410 and 1440 nm. Pure thenardite and all HT mixes
show an absorption feature at 1940 nm. Pure halite has absorption feature closer to 1970
nm. Crowley (1991), however, indicates that thenardite’s feature should be present at
1922 nm, and halite’s at 1936 nm. It is not clear why samples from this study are offset

140
20 to 30 nm. All four absorption features are due to fluid inclusions and/or absorbed
water (Crowley, 1991), however adsorbed water versus water in fluid inclusions have
bands in different positions. From 380 to 600 nm, samples with more thenardite than
halite decrease in reflectance from 600 down toward 380. Samples with significantly
more thenardite (7:3 and greater) decrease in reflectance by as much as 7% reflectance.
However, natural samples don’t always show this trend, and occasionally samples with
no thenardite (according to XRD analysis) show this trend, so this cannot be used as a
reliable identifying feature. In addition, this trend is not mentioned in the literature.
Reflectance spectra of thenardite (T) and gypsum (G) mixtures all show strong features
related to gypsum, and thenardite features are more subtle (Appendix B). Samples with
more gypsum than thenardite are more reflective from 380 to 1200 nm, but samples with
more thenardite than gypsum are more reflective from 1200 to 2500 nm. All gypsum
bearing samples and mixes show slight absorption features at 1000 and 1200 nm. All TG
mixes show absorption features at 1944 nm, where thenardite feature (1940 nm) overlaps
with gypsum feature (1944 nm). All samples containing gypsum show triplet absorption
features at 1449, 1488, and 1534 nm due to H2O overtones and combinations (Cloutis et
al., 2006b), which are the most characteristic features of gypsum. All samples containing
gypsum show doublet absorption features at 1751 and 1780 due to combinations of H2O
bends, stretches, rotations or S-O bend overtones (Cloutis et al., 2006b), and at 1944 and
1970 nm due to H2O combinations. In addition, absorption features at 2170, 2220 and
2280 nm are due to combinations of H2O bends, stretches, rotations or S-O bend
overtones (Cloutis et al., 2006b). From 380 to 600 nm, samples with more thenardite than
gypsum (6:4 and greater) decrease in reflectance down toward 380, by as much as 8%
reflectance. Samples with more gypsum than thenardite (6:4 and less) decrease in
reflectance very little, only 3% or less. Again, natural samples don’t always show this
trend, and occasionally samples with no thenardite show this trend, so this cannot be used
as an identifying feature.
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Figure 4.3. Absorption features of halite (H), thenardite (T), gypsum (G), and
mirabilite (M), in the 300 to 2500 nm range. Samples shown here include pure
halite, thenardite, gypsum, and mirabilite, and mixtures of the four minerals.
Reflectance spectra of halite (H) and gypsum (G) mixtures all show strong features
related to gypsum, and halite features are more subtle (Appendix B). Samples with more
gypsum than halite are often (but not always) more reflective from 380 to 1100 nm, but
samples with more halite than gypsum are more reflective from 1200 to 2500 nm. All
gypsum bearing samples mixes show slight absorption features at 1000 and 1200 nm. All
HG mixes show slightly more pronounced absorption features at 1970 (as compared to
TG mixes, with a more pronounced feature closer to 1944 and less pronounced at 1970),
presumably due to the halite absorption feature at 1970 nm. As described above, all
samples containing gypsum show triplet absorption features at 1449, 1488, and 1534 nm.
All samples containing gypsum show doublet absorption features at 1751 and 1780, and
at 1944 and 1970 nm, and features at 2170, 2220 and 2280 nm. From 380 to 600 nm, all
HG mixtures have relatively consistent reflection, as compared to samples containing
thenardite.
Reflectance spectra of halite (H), thenardite (T), and gypsum (G) mixtures all show
strong features related to gypsum, and halite and thenardite features are more subtle
(Appendix B). No new trends are observed, beyond those already described above. All
samples with gypsum have small absorption features around 1000 and 1200 nm. Gypsum
triplets are present, even when only 10% gypsum, and for any proportions of halite and
thenardite. Greater abundances of gypsum correspond with deeper absorption features,
which are especially noticeable in triplets between 1440 and 1540 nm. Samples with
more halite or thenardite are more reflective and have shallower gypsum absorption
features. Samples with more thenardite have a larger drop in reflectance around 380 nm.
Before mixing with the other minerals, pure samples of mirabilite were analyzed and
compared under different conditions. First, freshly crushed mirabilite was analyzed, and
then spectra were collected approximately every 2 minutes as mirabilite was allowed to
dehydrate under the spectrometer (Fig. 4.4) at a temperature of 29.5 °C under the light
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source (room temperature 20.5 °C), and 34.5% humidity. During this study it was
observed that freshly crushed mirabilite shows broad absorption features at 1000 nm (992
nm according to Crowley, 1991), 1224, 1380, 1464, 1780, 1920 (1946 nm according to
Crowley, 1991), 2180, and 2236 nm. All features are due to H2O (Crowley, 1991). As
mirabilite was exposed to air and elevated temperature and underwent dehydration,
absorption bands grew progressively shallower. After 10 minutes, feature at 1380 nm
started to disappear. After 25 minutes, features at 1000, 1210, 1460, and 1780 nm started
to disappear. After 45 minutes, the absorption feature at 1920 was the only one left, but
had shifted right toward the thenardite absorption feature at 1940 nm. Band shifting could
be due to a feature consisting of two partially overlapping bands, and as one gets
shallower relative to the adjacent one, the combined band minimum will move. After 50
minutes, virtually no absorption features were evident, and reflectance dropped
significantly. This may be because dehydration proceeded to the point where material
collapsed and therefore was further from detector. Overall, spectra started to look more
like thenardite over time, but did not show the reflectance drop from 600 to 380 nm
characteristic of thenardite. Unlike thenardite which progressively decreases in
reflectance from 600 down to 380 nm, mirabilite does the opposite, decreasing in
reflectance (slightly) from 380 up to 600 nm.
After 52 minutes, mirabilite was removed from the spectrometer and set aside for an
additional 2 hours while other samples were analyzed. At that point, after 3 hours since it
was exposed to air, mirabilite was analyzed again and compared to thenardite and other
mirabilite samples that had been processed differently, or exposed to air for longer
periods of time. (Fig. 4.4) The mirabilite sample exposed to air seemed to have
rehydrated somewhat after 3 hours. This rehydrated sample of mirabilite had absorption
features that were all shifted slightly to the left. Another sample of mirabilite which had
been crushed, sieved, and analyzed in a Mars environmental chamber more than a year
ago showed all mirabilite absorption features listed above, as well as the reflectance drop
from 600 to 380 nm characteristic of thenardite. A sample of mirabilite that had been
crushed and exposed to air one week prior to analysis showed all mirabilite absorption
features, but also had higher reflectance than the other samples. Unprocessed larger
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grains of mirabilite, up to approximately 0.4 mm in diameter, had lower reflectance and
subdued absorption features.
Reflectance spectra of mixtures of halite (H), thenardite (T), gypsum (G), and mirabilite
(M) showed more complexity in absorption features (Fig. 4.3) than the HTG mixtures
described above. Samples containing large amounts of halite show the highest
reflectance, followed by samples rich in thenardite, then gypsum. Samples rich in
mirabilite have the lowest reflectance of the four minerals shown here. HTGM 9-0-0-1,
which is a mixture of 90% halite, 10% mirabilite shows all mirabilite absorption features
listed above, but some are difficult to detect. A mixture of 45% halite, 45% thenardite,
10% mirabilite looks almost identical to HTGM 9-0-0-1, but has the 600 to 380 drop in
reflectance characteristic of thenardite. A mixture of HTGM 1:1:1:7 shows only
mirabilite features, but the 1224 nm feature is closer to 1200 nm, showing the influence
of gypsum. A slight decrease in reflection from 600 nm toward 380 nm indicates
thenardite. Overall reflectance is quite low. Gypsum features are generally not seen.
Mixtures of gypsum and mirabilite (Appendix B) indicate that a sample needs to have at
least a ratio of 7:3 mirabilite to gypsum, in order for mirabilite to mask gypsum triplets,
doublets at 1940 and 1990 nm and at 2210 and 2260 nm, and features at 2170, 2220 and
2280 nm. A sample needs only to have more than ~30% gypsum to show gypsum triplets
in the presence of mirabilite. Gypsum doublets at 1750 and 1790 nm begin to look like a
single feature with less than 70% gypsum, while in the presence of mirabilite. Mixtures
of thenardite and mirabilite (Appendix B) indicate that samples with as little as 10%
thenardite have the characteristic decrease in reflectance from 600 to 380 nm. Samples
with 30% or more mirabilite show all features characteristic of mirabilite. Samples with
10% or less mirabilite show features at 1460 and 1920 nm, but other features are muted.
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Figure 4.4. Dehydration of mirabilite under ASD spectrometer, 300 to 2500 nm.
Freshly crushed mirabilite shows absorption features at 1000, 1224, 1380, 1464,
1780, 1920, 2180, and 2236 nm. As mirabilite was exposed to air and elevated
temperature, and underwent dehydration, absorption bands grew progressively
shallower.
4.3.1.2

Mixtures of halite, thenardite, gypsum and mirabilite, from 400 to 4250
cm-1 (2.35 to 25 µm)

Pure halite (Fig. 4.5) is reported to be spectrally featureless in the 400 to 4250 cm-1
region (Eastes, 1991), but the USGS spectral library indicates additional relatively deep
absorption features at 3356, 1639, 1515, 1418, and 909 cm-1, and more shallow features
at 3484, 3205, 1219, 1086, 884, and 769 cm-1 (Clark et al., 2007). Several absorption
features were apparent when halite was analyzed for this study. Relatively deep
absorption features were observed at 3360 and 1635 cm-1 in areas where features related
to H2O are often seen (Eastes, 1991), and at 1125 cm-1, and shallower features were
observed at 580, 875, 1050, 1460, and 2250 cm-1, all of which are areas where absorption
features are more commonly seen associated with sulfates (Eastes, 1991; Cloutis et al.,
2006b), and at 3240 cm-1, which is a region where features related to H2O are often seen
(Eastes, 1991). The features in H2O regions are not surprising, as halite often contains
absorbed water. In addition, halite has a reflection feature at 2340 cm-1.
Pure thenardite (Fig. 4.5) has been documented by (Farifteh et al., 2008) and (Richardson
et al., 2012). It is reported to have absorption features at 621 cm-1 and 641 cm-1 (SO4 v4
stretch), 1111 cm-1 (SO4 v3 stretch), and 2127 cm-1 (S-O stretching; Farifteh et al., 2008;
Richardson et al., 2012). In addition, the USGS spectral library indicates addition
relatively deep absorption features at 3508, 2247, 2092, 1742, 1612, 628 cm-1, and more
shallow features at 3367, 3105, 2577, 1814, 1683, 1136, 657, and 578 cm-1 (Clark et al.,
2007). When thenardite was analyzed for this study absorption features were observed at
621, 1111, 1260, 1612, 1742, 1814, 2092, 2190, 2250 cm-1 (the latter three in the region
of the most intense combinations and overtones of fundamental S-O bending and
stretching vibration absorption bands; Cloutis et al., 2006b), 2577, 3380, and 3508 cm-1.
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Pure gypsum (Fig. 4.5) has been thoroughly documented by Cloutis et al. (2006b), and is
reported to have absorption features at 4032, 3921, 3496, 3378, and 3236 cm-1 (H2O
stretching fundamentals), at 2309, 2242, 2207, 2141, 2114, and 2008 cm-1 (SO4 overtone
& combo bands), at 1689, 1636, and 1618 cm-1 (H2O bending fundamentals), 1257 cm-1
(Christiansen feature), 1190 cm-1 (Restrahlen feature; sulfate-anion stretching
fundamental), 1149 and 1086 cm-1 (v3 SO4 bend), 1003 cm-1 (v1 SO4 stretch), 704, 657,
628 - 621, 574, and 561 cm-1 (v4 SO4 bend), and at 429 and 414 cm-1 (v2 SO4 bend;
Cloutis et al., 2006b). Most of these features are seen in samples from this study, but
some features are subtle and difficult to distinguish. The most obvious absorption
features of pure gypsum noted in this study are at 3497, 3378, 3236, 2242, 2210, 2114,
1689, 1618, 1258, 1190, 1087, 704, 629, and 562 cm-1.

Figure 4.5. Absorption features of halite (H), thenardite (T), gypsum (G), and
mirabilite (M), in the 400 to 6000 cm-1 range.
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Pure mirabilite (Fig. 4.5) has been documented by Crowley (1991). It is reported to have
absorption features at 1000 cm-1 (v1 SO4 stretch), 1635 cm-1 (δH2O), and 3440 cm-1, 3570
cm-1, and 4026 cm-1 (vH2O; Crowley, 1991). The USGS spectral library indicates
addition relatively deep absorption features at 3389, 2252, 2178, 2092, 1562, 1282, 1086,
657, 626, and 606 cm-1, and more shallow features at 3076, 2293, 2136, 1725, and 1176
cm-1 (Clark et al., 2007). When mirabilite was analyzed for this study, absorption features
were very shallow and difficult to distinguish. The features most clearly seen were at
4026, 3570, 3440, 2092, 1282, 1000, and 626 cm-1.
Mixtures of 1:1 ratios of halite (H), thenardite (T), and gypsum (G) were analyzed to
demonstrate how spectra change when minerals are mixed (Fig. 4.6). Samples containing
halite show the highest reflectance, followed by samples containing thenardite, then
gypsum. In this case, the 50:50 H:T sample has the highest reflectance, the 50:50 T:G
sample has the lowest reflectance, and 50:50 H:G falls in the middle. The 50:50 H:T
mixture displays all features seen in the 100% thenardite sample, in addition to all
features seen in the 100% halite sample. However, halite features are generally more
subtle. Halite and thenardite each have an absorption feature near 600 cm-1, and this
feature is deepened through constructive interference in samples with both halite and
thenardite. Most notably, in the 500 to 1200 cm-1 range where sulfate features are
prominent, this mixture shows two deep features surrounded by two peaks, characteristic
of thenardite, and in the 2000 to 2500 cm-1 range where sulfate features are also
prominent, this mixture shows a deep absorption feature at 2092 cm-1 and a shallower
feature at 2250 cm-1. Gypsum-rich samples are the opposite in this region, with a shallow
feature at 2114 cm-1 and a deeper feature at 2242 cm-1. The 50:50 H:G mixture displays
all features seen in the 100% gypsum sample. Most features of halite align with or fall
near features of gypsum and thus are not diagnostic. However, halite features at 1125 and
1460 cm-1 do not coincide with gypsum features, and are thus useful indicators of the
presence of halite, although these are still very subtle features at the 50:50 ratio. Most
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Figure 4.6. Absorption features of halite (H), thenardite (T), and gypsum (G)
mixtures, in the 500 to 6000 cm-1 range (1.7 to 20 µm). Samples shown here are
50:50 mixtures of halite, thenardite, and gypsum.
notably, in the 2000 to 2500 cm-1 range where sulfate features are prominent, this mixture
shows a shallow feature at 2114 and a deeper feature at 2242 cm-1. The 50:50 T:G
mixture displays all features seen in the 100% gypsum sample, in addition to most
features seen in the 100% thenardite sample. Some thenardite features, including the ones
at 1742, 1814, and 2577 cm-1 are not evident in this mixture. Thenardite and gypsum are
both evident, however, in the 2000 to 2500 cm-1 range where sulfate features are
prominent. Here, this mixture shows features around 2100, 2200, and 2250 cm-1 with
approximately equal absorption depths, whereas samples with more gypsum have
increasing absorption with increasing wavenumber, and samples with more thenardite
have increasing reflection with increasing wavenumber in this diagnostic sulfate range.
This range is the best region for identifying and discriminating sulfates (Cloutis et al.,
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2006b). In addition, because thenardite and gypsum each have a feature near 1260 cm-1,
this feature is deepened through constructive interference and indicates the presence of
both thenardite and gypsum in a sample.
4.3.1.3

Reflectance spectra of <45 µm WS samples, 0.3 to 25 µm

Thirty-one samples were analyzed by reflectance spectroscopy and compared to XRD
results. Results are summarized in Table 4.1. “LH” in the naming of the samples reflects
the fact that Wolf spring has also been referred to historically as Lost Hammer spring.
The first seven are shown in Fig. 4.7 (0.3 to 2.5 µm) and Fig. 4.8 (400 to 4250 cm-1, or
2.35 to 25µm). In the 0.3 to 2.5 µm range LH-08-01 shows absorption features indicating
thenardite and halite. Quartz is evident in XRD data, but it is difficult to identify or rule
out quartz in spectral data in this range. Quartz and other silica-rich minerals will have
water bands, but these are generally not diagnostic. In the IR range (400 to 4250 cm-1)
LH-08-01 shows features characteristic of thenardite (deep absorption feature at 2092 cm1

and a shallower feature at 2250 cm-1), and halite (875 cm-1 feature).

In the 0.3 to 2.5 µm range LH-08-01b shows absorption features indicating thenardite,
and possibly some halite, but features are very subtle. In the IR range LH-08-01b shows
features characteristic of halite (reflection feature at 2340 cm-1), and thenardite (deep
absorption feature near 600 cm-1, absorption feature at 1742 cm-1).
In the 0.3 to 2.5 µm range LH-08-02a shows absorption features indicating thenardite,
and possibly some halite. In the IR range LH-08-02a shows features characteristic of
halite (reflection feature at 2340 cm-1, and 875 cm-1 absorption feature), and thenardite
(deep absorption feature near 600 cm-1, absorption feature at 1742 cm-1).
In the 0.3 to 2.5 µm range LH-08-02b and LH-08-03 each show absorption features
indicating only thenardite, despite the fact that other minerals are evident from XRD
analysis. XRD analysis of LH-08-02b indicates sodiumalum (NaAl(SO4)2·12H2O),
magnesite (MgCO3), and mirabilite in addition to thenardite. However, major oxide
analysis, as described below, did not detect enough Al or Mg to support the XRD
interpretation of sodiumalum and magnesite, so these minerals may have been incorrectly
identified. XRD analysis of LH-08-03 indicates mirabilite and halite in addition to
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Table 4.1. Mineralogy of WS samples as determined by XRD, UV-vis (0.3 to 2.5
µm), and IR reflectance spectroscopy (2.35 to 25µm). “LH” in sample names reflects
the fact that Wolf spring was previously referred to as Lost Hammer spring.
Sample

XRD

UV-Vis

IR

LH-08-01

Major thenardite, halite;
minor quartz

Thenardite, halite

Thenardite, halite

LH-08-01b

Major thenardite, halite;
minor quartz

Thenardite, possibly
some halite

Halite, thenardite

LH-08-02a

Major thenardite, halite

Thenardite, possibly
some halite

Halite, thenardite

LH-08-02

Major sodiumalum,
magnesite, thenardite,
and mirabilite

Thenardite

Halite, thenardite

LH-08-03

Major thenardite and
mirabilite; minor halite

Thenardite

Thenardite; minor halite

LH-08-04a/b

Major thenardite,
gypsum, halite; minor
sulfur, mirabilite,
eugesterite, pyrophyllite

Thenardite

Thenardite, gypsum;
minor halite

LH-08-05

Major halite; minor
thenardite

Thenardite, halite

Thenardite, halite

LH-08-06

Major halite; minor
gypsum

Thenardite, halite;
minor gypsum

Thenardite, gypsum,
halite

LH-08-08

Major quartz, gypsum;
minor anorthite,
microcline, muscovite,
halite, kaolinite,
thenardite, sulfur

Thenardite, halite,
gypsum

Kaolinite, gypsum,
thenardite, halite

LH-08-09a

Major quartz, gypsum;
minor anorthite, halite,
pyrophyllite, thenardite,
sulfur, microcline,
muscovite, kaolinite

Gypsum, thenardite

Kaolinite, gypsum,
thenardite, halite

LH-08-09b

Major thenardite, halite;
minor sulfur, mirabilite,
phrophyllite

Thenardite, halite

Thenardite, halite
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LH-08-10

Major gypsum; minor
quartz

Gypsum

Gypsum

LH-08-15a

Gypsum

Gypsum

Gypsum

LH-09-1a

Major thenardite; minor
halite, quartz; trace
hydroglauberite,
kaolinite, eugsterite,
mirabilite

Thenardite, halite

Thenardite, halite

LH-09-1b

Major thenardite, halite;
minor quartz; trace
eugsterite,
hydroglauberite,
mirabilite, sulfur,
kaolinite

Thenardite, kaolinite

Thenardite, halite,
kaolinite

LH-09-2a

Major gypsum; minor
halite, quartz; trace
calcite, sulfur, thenardite

Gypsum, thenardite

Gypsum, halite

LH-09-2b

Major halite; minor
gypsum; trace kaolinite

Gypsum, halite,
thenardite

Halite, thenardite,
gypsum

LH-09-3b

Major halite; minor
thenardite, sulfur,
quartz, eugsterite; trace
gypsum

Thenardite, halite,
eugsterite

Thenardite, halite,
kaolinite

LH-09-4a

Major gypsum, halite;
minor quartz

Gypsum, thenardite,
halite

Gypsum, halite

LH-09-4b

Major halite; minor
gypsum, kaolinite

Gypsum, halite

Gypsum, halite,
kaolinite

LH-09-5a

Major halite; minor
thenardite, quartz

Halite, eugsterite

Thenardite, halite

LH-09-6b

Major halite; minor
kaolinite

Halite; minor gypsum or
eugsterite

Gypsum, halite,
thenardite

LH-09-T1

Major thenardite, halite;
trace gypsum,
hydroglauberite,
kaolinite, eugsterite,
mirabilite

Halite, thenardite

Thenardite, halite,
eugsterite

LH-09-T2

Major halite, gypsum,
sulfur; minor quartz,
thenardite; trace

Gypsum, thenardite,
halite

Gypsum, thenardite,
halite, kaolinite, sulfur
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kaolinite
LH-09-T3

Major thenardite; minor
quartz, halite, sulfur;
trace hydroglauberite,
eugsterite, mirabilite

Thenardite, eugsterite

Thenardite, kaolinite,
quartz, halite, sulfur,
eugsterite

LH-09-T4

Major thenardite; trace
halite, eugsterite,
mirabilite

Thenardite

Thenardite, kaolinite,
eugsterite, halite

LH-09-T5

Major thenardite,
quartz; minor halite,
plagioclase; trace
hydroglauberite,
kaolinite, eugsterite

Thenardite, kaolinite

Thenardite, kaolinite,
quartz, halite, sulfur

LH-09-T6

Major thenardite; minor
quartz, halite,
plagioclase,
hydroglauberite,
kaolinite

Thenardite, kaolinite

Thenardite, kaolinite,
quartz, halite, sulfur

LH-09-T7

Major thenardite; minor
quartz, calcite, halite;
trace hydroglauberite,
kaolinite, eugsterite

Thenardite, kaolinite

Thenardite, kaolinite,
quartz, halite, sulfur

LH-09-T8

Major halite; minor
quartz, kaolinite

Thenardite (?), halite,
eugsterite, kaolinite

Halite, quartz

LH-09-T9

Major halite; minor
thenardite, gypsum,
quartz; trace kaolinite

Thenardite, halite,
kaolinite

Halite, thenardite,
gypsum, quartz

thenardite, but neither of the former are seen spectrally. In the IR range LH-08-02b shows
features characteristic of halite (reflection feature at 2340 cm-1) in addition to thenardite
(deep absorption feature near 600 cm-1, absorption feature at 1742 cm-1, deep absorption
feature at 2092 cm-1 and a shallower feature at 2250 cm-1). In the IR range LH-08-03
shows features associated with thenardite (absorption feature at 1742 cm-1, a deep
absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1), with minor halite
(subtle 875 cm-1 feature, absorption feature at 1125 cm-1).
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Figure 4.7. Reflectance spectra in the 300 to 2500 nm range of seven samples from
Wolf spring (also known as Lost Hammer spring, hence “LH” sample names).
In the 0.3 to 2.5 µm range LH-08-04a and 04b show absorption features indicating
thenardite, possibly gypsum (but no triplet), and maybe eugsterite, but no features
indicate halite, elemental sulfur, mirabilite, or pyrophyllite, all of which were identified
from XRD data. In the IR range, LH-08-04b shows features indicative of a thenardite and
gypsum mixture (lower overall reflectance, only slightly deep absorption feature at 2092
cm-1 and slightly shallower feature at 2250 cm-1),and gypsum is also indicated by features
at 1618 and 1689 cm-1. Minor halite is also evident (subtle 875 cm-1 feature, absorption
feature at 1125 cm-1). The lack of mirabilite absorption features in the latter 4 samples,
despite identification of mirabilite from XRD analysis, may be because mirabilite
dehydrated too much to see by the time it was analyzed spectrally.
Spectra of the next 7 samples are shown in Fig. 4.9 (0.3 to 2.5 µm) and Fig. 4.10 (400 to
4250 cm-1, or 2.35 to 25µm). In the 0.3 to 2.5 µm range LH-08-05 shows absorption
features indicating thenardite and halite, which is consistent with XRD data. In the IR
range LH-08-05 also shows features characteristic of thenardite (deep absorption feature
at 2092 cm-1 and a shallower feature at 2250 cm-1) mixed with halite (deep absorption
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Figure 4.8. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of
samples from Wolf spring. Same samples as shown in Figure 4.7.
features near 600 and 1111 cm-1, due to constructive interference of halite and thenardite
features).
In the 0.3 to 2.5 µm range LH-08-06 shows absorption features indicating halite and
gypsum, which is also consistent with XRD data. This sample also shows the reflectance
drop from 600 to 380 nm characteristic of thenardite in the HTGM mixtures, but
according to XRD no thenardite is present. In the IR range LH-08-06 also appears to
contain some thenardite; thenardite mixed with gypsum, based on two absorption features
with approximately equal reflectance near 2100 and 2250 cm-1. Halite is indicated by
features at 1460 and 875 cm-1, in regions where the other major minerals don’t have
strong features.

156

Figure 4.9. Reflectance spectra in the 300 to 2500 nm range of seven samples from
Wolf spring.
LH-08-08 and LH-08-09a are samples of sediment collected from outflow channels. In
the 0.3 to 2.5 µm range LH-08-08 shows absorption features indicating thenardite, and
features at 2100 and 2200 nm that may be kaolinite or another phyllosilicate. Reflectance
is relatively low, which may be due to organic material in sediment. XRD analysis also
indicated quartz, gypsum, plagioclase, halite, and elemental sulfur, but none of these
were evident spectrally in this range. Based on HTGM mixtures, the sample must contain
less than 10% gypsum, since gypsum absorption features are not seen. In the IR range
LH-08-08 shows features associated with kaolinite (absorption feature at 3700 cm-1),
quartz is not evident, subtle gypsum features are present at 1618 and 1689 cm-1, and the
presence of both thenardite and gypsum is suggested by two absorption features with
approximately equal reflectance near 2100 and 2250 cm-1. Halite is indicated by a feature
at 1460 cm-1. In the 0.3 to 2.5 µm range LH-08-09a shows absorption features indicating
gypsum, thenardite, and a feature at 2200 that may be due to pyrophyllite, kaolinite or
another phyllosilicate. Reflectance is relatively low, which may be due to organic
material in sediment. XRD analysis also indicated quartz, plagioclase, halite, elemental
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Figure 4.10. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of
samples from Wolf spring. Same samples as Figure 4.9.
sulfur, and other phyllosilicates. In the IR range LH-08-09a has features characteristic of
kaolinite (absorption feature at 3700 cm-1), quartz is not evident, subtle gypsum features
are present at 1618 and 1689 cm-1, and the presence of both thenardite and gypsum is
suggested by two absorption features with approximately equal reflectance near 2100 and
2250 cm-1. Halite is indicated by a feature at 1460 cm-1.
In the 0.3 to 2.5 µm range LH-08-09b shows absorption features indicating thenardite and
halite. XRD analysis also indicated minor amounts of elemental sulfur, mirabilite, and
pyrophyllite, but these were not seen spectrally. In the IR range LH-08-09b shows
features suggestive of thenardite (deep absorption feature at 2092 cm-1 and a shallower
feature at 2250 cm-1) mixed with halite (deep absorption features near 600 and 1111 cm-1,
due to constructive interference of halite and thenardite features).
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In the 0.3 to 2.5 µm range LH-08-10 and LH-08-15 each show absorption features of
gypsum. XRD analysis also indicates minor amounts of quartz in LH-08-10, but this is
not seen spectrally. In the IR range LH-08-10 and LH-08-15 have only features
associated with gypsum (shallow feature at 2114 and a deeper feature at 2242 cm-1, and a
doublet at 1618 and 1689 cm-1).
Spectra of the next 6 samples are shown in Fig. 4.11 (0.3 to 2.5 µm) and Fig. 4.12 (400 to
4250 cm-1, or 2.35 to 25µm). In the 0.3 to 2.5 µm range LH-09-1a shows absorption
features indicating thenardite. Features at 1940 and 2090 may be due to eugsterite
(eugsterite has features at 1928 and 2068 nm according to Crowley, 1991), and halite
may also be visible spectrally, but difficult to distinguish. XRD data also indicates the
presence of minor amounts of quartz and trace kaolinite and mirabilite in this sample,
none of which are visible spectrally in this range. In the IR range LH-09-1a shows
features of thenardite (deep absorption feature at 2092 cm-1 and a shallower feature at
2250 cm-1) mixed with minor halite (deep absorption features near 600 and 1111 cm-1,
due to constructive interference of halite and thenardite features, peak at 2340 cm-1, and
small absorption feature at 1460 cm-1).
In the 0.3 to 2.5 µm range LH-09-1b shows absorption features indicating thenardite, and
features at 2100 and 2200 may be due to kaolinite or another phyllosilicate. XRD data
also indicates the presence of major amounts of halite, minor amounts of quartz, and trace
amounts of eugsterite, mirabilite, and elemental sulfur; none of which are evident
spectrally in this range. In the IR range LH-09-1b shows features associated with
thenardite (deep absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1)
mixed with minor halite (deep absorption features near 600 and 1111 cm-1, due to
constructive interference of halite and thenardite features, peak at 2340 cm-1, and small
absorption feature at 1460 cm-1), and kaolinite (absorption feature at 3700 cm-1).
In the 0.3 to 2.5 µm range LH-09-2a shows absorption features indicating gypsum.
Reflectance is quite low, which may be due to organic content of the soil sample. This
sample also shows the reflectance drop from 600 to 380 nm characteristic of thenardite in
the HTGM mixtures, but according to XRD only trace amounts of thenardite are present

159
in this sample. XRD data also indicates minor amounts of halite and quartz and trace
amounts of calcite and elemental sulfur in this sample, but none of these are evident
spectrally in the UV-vis range. In the IR range LH-09-2a shows features characteristic of
gypsum (shallow feature at 2114 and a deeper feature at 2242 cm-1, doublet at 1618 and
1689 cm-1), halite (absorption at 1460 cm-1), and something lowering reflectance
(potentially organic material).
In the 0.3 to 2.5 µm range LH-09-2b shows absorption features indicating gypsum and
halite. This sample also shows the reflectance drop from 600 to 380 nm characteristic of
thenardite in the HTGM mixtures, but according to XRD no thenardite is present in this
sample. XRD data also indicates the presence of trace amounts of kaolinite, but this isn’t
evident spectrally in this range. In the IR range LH-09-2b shows features associated with
halite (absorptions at 875 and 1460 cm-1), and also appears to have some thenardite
mixed with gypsum, based on two absorption features with approximately equal
reflectance near 2100 and 2250 cm-1.
In the 0.3 to 2.5 µm range LH-09-3b shows absorption features characteristic of
thenardite and halite, and absorption features at 2100 and 2200 which may be due to a
phyllosilicate (none indicated from XRD data), or potentially eugsterite, which has
absorption features at 2068 nm and 2192 nm (Crowley, 1991). XRD data also indicates
minor amounts of elemental sulfur and quartz, and trace amounts of gypsum, none of
which are evident spectrally in this range. In the IR range LH-09-3b shows features of
thenardite (deep absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1)
mixed with minor halite (absorption feature at 1460 cm-1), kaolinite (absorption feature at
3700 cm-1).
In the 0.3 to 2.5 µm range LH-09-4a shows absorption features indicating gypsum and
halite. This sample also shows the reflectance drop from 600 to 380 nm characteristic of
thenardite in the HTGM mixtures, but according to XRD no thenardite is present in this
sample. XRD data also indicates the presence of minor quartz, but this is not evident
spectrally in this range. In the IR range LH-09-4a shows features characteristic of
gypsum (shallow feature at 2114 and a deeper feature at 2242 cm-1, doublet at 1618 and
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Figure 4.11. Reflectance spectra in the 300 to 2500 nm range of six samples from
Wolf spring.
1689 cm-1), halite (absorption at 1460 cm-1), something lowering reflectance (potentially
organic material).
Spectra of the next 6 samples shown in Fig. 4.13 (0.3 to 2.5 µm) and Fig. 4.14 (400 to
4250 cm-1, or 2.35 to 25µm). In the 0.3 to 2.5 µm range LH-09-4b shows absorption
features indicating gypsum and halite. XRD data also indicates the presence of minor
kaolinite, but this is not seen spectrally in this range. In the IR range LH-09-4b shows
features associated with gypsum (shallow feature at 2114 and a deeper feature at 2242
cm-1, doublet at 1618 and 1689 cm-1), halite (absorption feature at 1460 cm-1), and
kaolinite (feature at 3570 cm-1).
In the 0.3 to 2.5 µm range LH-09-05a shows absorption features indicating halite, and
absorption features at 2100 and 2200 that may be due to phyllosilicates or eugsterite,
neither of which are evident from XRD data. XRD data also indicates the presence of
minor amounts of thenardite and quartz. In the IR range LH-09-5a shows features
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Figure 4.12. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of
samples from Wolf spring. Same samples as Figure 4.11.
attributed to thenardite (deep absorption feature at 2092 cm-1 and a shallower feature at
2250 cm-1), and halite (875 cm-1 and 1460 cm-1 features).
In the 0.3 to 2.5 µm range LH-09-6b shows absorption features that indicate halite, and
possibly a small amount of gypsum (no triplets) or eugsterite. XRD data also indicates
minor amounts of kaolinite, but this is not seen spectrally in this range. In the IR range
LH-09-6b shows features characteristic of gypsum (shallow feature at 2114 and a deeper
feature at 2242 cm-1, doublet at 1618 and 1689 cm-1), halite (absorption feature at 1460
cm-1), and appears to have some thenardite, because gypsum features at 2114 and 2242
have nearly equal reflectance, and there is a large peak at 875 cm-1 where thenardite tends
to have high reflectance.
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Figure 4.13. Reflectance spectra in the 300 to 2500 nm range of six samples from
Wolf spring.
In the 0.3 to 2.5 µm range LH-09-T1 shows absorption features indicating halite and
thenardite. XRD data also indicates trace amounts of gypsum, kaolinite, eugsterite and
mirabilite, none of which are seen spectrally in this range. In the IR range LH-09-T1
shows features of thenardite (deep absorption feature at 2092 cm-1 and a shallower
feature at 2250 cm-1), halite (875 cm-1 feature), and a deep absorption at 1250 cm-1 may
be due to constructive interference of thenardite and eugsterite.
In the 0.3 to 2.5 µm range LH-09-T2 shows absorption features characteristic of gypsum,
thenardite, and halite. XRD analysis also indicated the presence of major amounts of
elemental sulfur, minor amounts of quartz, and trace amounts of kaolinite, none of which
were seen spectrally in this range. In the IR range LH-09-T2 shows features associated
with gypsum (shallow feature at 2114 and a deeper feature at 2242 cm-1, doublet at 1618
and 1689 cm-1), halite (absorption feature at 1460 cm-1), thenardite (absorption feature at
1814 cm-1), kaolinite (slight absorption at 3570 cm-1) , and sulfur (844 cm-1 feature; Clark
et al., 2007).
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Figure 4.14. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of
samples from Wolf spring. Same samples as shown in Fig. 4.13.
In the 0.3 to 2.5 µm range LH-09-T3 shows absorption features indicative of thenardite,
and additional features at 1410 and 2100 nm which may be due to eugsterite, which has
absorption features at 1436 and 2068 nm (Crowley, 1991). XRD data also indicates the
presence of minor amounts of quartz, halite, and elemental sulfur, and trace amounts of
mirabilite, none of which are seen spectrally in this range. In the IR range LH-09-T3
shows features characteristic of thenardite (deep absorption feature at 2092 cm-1 and a
shallower feature at 2250 cm-1), kaolinite (absorption at 3700 cm-1), and something
lowering reflectance from 1300 to 2000 cm-1 may be quartz. Slight absorption at 1460
cm-1 may be due to halite, and sulfur is apparent (absorption at 844 cm-1). A deep
absorption at 1250 cm-1 may be due to constructive interference of thenardite and
eugsterite.
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Spectra of the final 6 samples shown in Fig. 4.15 (0.3 to 2.5 µm) and Fig. 4.16 (400 to
4250 cm-1, or 2.35 to 25µm). In the 0.3 to 2.5 µm range LH-09-T4 shows absorption
features indicative of thenardite. XRD data also indicates the presence of trace amounts
of halite, eugsterite and mirabilite, none of which are evident spectrally in this range. In
the IR range LH-09-T4 shows features indicating thenardite (deep absorption feature at
2092 cm-1 and a shallower feature at 2250 cm-1), and kaolinite (absorption at 3700 cm-1),
and a deep absorption at 1250 cm-1 may be due to constructive interference of thenardite
and eugsterite. A slight absorption at 1460 cm-1 may be due to halite.
In the 0.3 to 2.5 µm range both LH-09-T5 and LH-09-T6 show absorption features
indicative of thenardite, and features at 1410, 2100, and 2200 nm that may be due to
eugsterite, kaolinite or another phyllosilicate. Reflectance is quite low, possibly due to
organics or something else darkening the sample. XRD data also indicates major amounts
of quartz in LH-09-T5 (minor amounts of quartz in the case of LH-09-T6), and minor
amounts of halite and plagioclase in both samples. None of these are evident spectrally in
this range. In the IR range both LH-09-T5 and LH-09-T6 show features characteristic of
thenardite (deep absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1),
kaolinite (absorption at 3700 cm-1), something lowering reflectance from 1300 to 2000
cm-1 may be quartz, a slight absorption at 1460 cm-1 may be due to halite, and sulfur may
be present (absorption at 844 cm-1).
In the 0.3 to 2.5 µm range LH-09-T7 shows absorption features indicative of thenardite,
and features at 1410, 2100, and 2200 nm that may be due to eugsterite, kaolinite or
another phyllosilicate. Reflectance is quite low, possibly due to organics or something
else darkening the sample. XRD data also indicates minor amounts of quartz, calcite, and
halite, none of which are evident spectrally in this range. In the IR range LH-09-T7
shows features indicative of thenardite (deep absorption feature at 2092 cm-1 and a
shallower feature at 2250 cm-1), kaolinite (absorption at 3700 cm-1), something lowering
reflectance from 1300 to 2000 cm-1 may be quartz, a slight absorption at 1460 cm-1 may
be due to halite, and sulfur may be present (absorption at 844 cm-1).
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Figure 4.15. Reflectance spectra in the 300 to 2500 nm range of six samples from
Wolf spring.
In the 0.3 to 2.5 µm range LH-09-T8 shows absorption features indicative of halite, and
features that may be due to kaolinite or another phyllosilicate. Features that suggest
thenardite and possibly eugsterite are also present, but these do not show up in XRD data.
Reflectance is quite low, possibly due to organics or something else darkening the
sample. XRD data also indicates minor quartz. In the IR range LH-09-T8 shows features
characteristic of halite (absorptions at 875, 1125, and 1460 cm-1), a lack of features in
2100 to 2600 cm-1 where sulfate features are usually seen, and an absorption feature near
1160 cm-1 which may be due to quartz.
In the 0.3 to 2.5 µm range LH-09-T9 shows absorption features indicative of thenardite,
halite, and features at 1410, 2100, and 2200 nm that may be due to kaolinite or another
phyllosilicate. Reflectance is quite low, possibly due to organics or something else
darkening the sample. XRD data also indicates minor amounts of quartz and gypsum,
which are not seen spectrally in this range. In the IR range LH-09-T9 shows features
which indicate halite (absorptions at 875, 1125, and 1460 cm-1), thenardite (slightly deep
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Figure 4.16. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of
samples from Wolf spring. Same samples as Fig. 4.15.
absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1), and gypsum
(features at 1618 and 1689 cm-1), and an absorption near 1160 cm-1 may be due to quartz.
4.3.1.4

Reflectance spectra of unprocessed WS samples, 0.3 to 25 µm

For this study three unprocessed crust samples were analyzed by reflectance spectroscopy
and compared to spectra of < 45 µm powders of the same samples. ASD spectra are
shown in Fig. 4.17 (0.3 to 2.5 µm) and IR spectra of the same samples are shown in Fig.
4.18 (400 to 4250 cm-1, or 2.35 to 25µm). In the 0.3 to 2.5 µm range the LH-09-1b crust
sample shows absorption features indicating thenardite, eugsterite, and kaolinite. Overall
the crust sample has lower reflectance than the powdered sample, but has more
pronounced features. An absorption feature at 1940 cm-1 could be thenardite. Features at
2100 and 2200 cm-1 are more obvious, along with a subtle feature near 1410 cm-1. These
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Figure 4.17. Reflectance spectra in the 300 to 2500 nm range of three unprocessed
crust samples, and < 45 µm powders of the same three samples.
could be indicative of eugsterite and kaolinite. In the IR range (400 to 4250 cm-1) the LH09-1b crust sample spectrum once again has lower reflectance than the < 45 µm sample.
In this range, however, features are less pronounced. Halite features can be seen (peak at
2340 cm-1, and small absorption features at 875 and 1460 cm-1), but thenardite features
are difficult to distinguish (deep absorption feature at 2092 cm-1 and a shallower feature
at 2250 cm-1 are not seen). Kaolinite features are not seen. Overall, the mineralogy is
much more difficult to determine from the crust sample than the powdered sample in this
range.
In the 0.3 to 2.5 µm range the LH-09-2a crust sample shows absorption features
indicating gypsum. Overall the crust sample has lower reflectance than the powdered
sample. A feature near 1940 cm-1 is slightly broader and shallower in the crust sample
spectrum than the powdered sample spectrum, and other features are slightly more
pronounced. Gypsum is evident from a triplet centered at 1488, as well as features at
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Figure 4.18. Reflectance spectra in the 500 to 6000 cm-1 range (1.7 to 20 µm) of three
unprocessed crust samples, and < 45 µm powders of the same three samples. Same
samples as seen in Fig. 4.17.
1750 and 1780 cm-1, and at 1944 and 1970 cm-1. No other minerals are evident. In the IR
range (400 to 4250 cm-1) the LH-09-2a crust sample once again has lower reflectance
than the < 45 µm sample. In this range features are less pronounced. Halite features can
be seen (peak at 2340 cm-1, and small absorption feature at 1460 cm-1), but gypsum
features are difficult to distinguish (shallow feature at 2114 and a deeper feature at 2242
cm-1, and doublet at 1618 and 1689 cm-1 are not seen). Kaolinite features are not seen.
Overall, mineralogy is much more difficult to determine from the crust sample than the
powdered sample in this range.
In the 0.3 to 2.5 µm range the LH-09-T4 crust sample has lower reflectance than the
powdered sample, and absorption features are more pronounced. This sample seems to
contain thenardite mixed with eugsterite and kaolinite, based on feature at 1410 cm-1
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(constructive interference of thenardite and kaolinite absorption features), and at 1440
cm-1 (eugsterite). In addition, a slight absorption at 1780 cm-1 is indicative of eugsterite,
and a feature at 1910 cm-1 is suggestive of kaolinite. A feature at 1940 cm-1 could be
thenardite with eugsterite, and slight features at 2180 and 2200 cm-1 are suggestive of
kaolinite. In the IR range (400 to 4250 cm-1) the LH-09-T4 crust sample spectrum has
lower reflectance than the < 45 µm sample. In this range most features are slightly less
pronounced, except for a reflection peak associated with halite at 2340 cm-1, which is not
seen in the powdered sample. Thenardite features are seen in the crust sample (deep
absorption feature at 2092 cm-1 and a shallower feature at 2250 cm-1), and halite features
are subtle but present (slight absorptions at 875 and 1460 cm-1). In addition, all crust
samples show small peaks near 1160 cm-1, which are not seen in powdered samples. In
general, reflectance peaks are more pronounced and absorption features are more subtle
in the IR range.
4.3.2

Raman spectroscopy

Raman measurements taken in the field confirmed XRD results, and also confirmed the
assumption (Chapter 3) that the grey crystals beneath the white powdery material
covering the vent and terrace are mirabilite. Fig. 4.19 shows Raman spectra for two field
measurements at the same sample location, where a layer of white powder was removed
to reveal grey crystals below. Dominant peaks of both spectra are at 991 cm-1, which is
very close to the published mirabilite dominant peak wavenumber of 989.3 cm-1
(Hamilton and Menzies, 2010), and other peaks are much smaller and difficult to
distinguish. Raman measurements taken of the white powder covering the vent and
terrace indicated combinations of thenardite and halite in varying proportions. The spring
deposit changes every year due to overflow of the vent during the winter, and on a lesser
scale after every rainfall, as minerals are dissolved and re-precipitated, so it is not
possible to directly compare Raman spots with XRD data from samples collected in
previous years. However, general trends remain the same. For example, thenardite is the
dominant mineral forming the white powder on the vent and terrace, and halite is more
abundant in crusts proximal to present-day outflow channel locations. The library used in
the field contained only halite, thenardite, gypsum, and mirabilite, so additional minerals
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Figure 4.19. Raman spectra in the 200 to 2000 wavenumber range for two field
measurements of the same spot; above. Sample location indicated in image below,
with ruler for scale (mm increments). White powder covers entire surface of Wolf
spring vent, but here the top 5 cm of material were removed to reveal grey crystals
below.
which may have been present, but were not of direct interest to this study (e.g., quartz,
phyllosilicates, etc.) were not detected. If other minerals were present, however, they
would have been present only in very small quantities, as unidentified peaks were not
visually noted.
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4.3.3

Major oxides and trace elements

The four samples selected represent the white material on the outermost surface of the
vent and terrace, the grey crystals beneath the white powder, sediment from inside the
vent, and sediment from an outflow channel. Detailed results are presented in Table 4.2.
Sample LH-09-T4 consists of a crust sample from the terrace, on the ledge of a pool
within the terrace. XRD results indicate major amounts of thenardite, and trace amounts
of halite, eugsterite, and mirabilite. UV-Vis spectral data indicates only thenardite. Major
oxide and trace element results also indicate the elements present in thenardite, and little
else. This sample consists of 41.61% Na2O, and < 0.3% of each of the other major
oxides. Total S accounts for 21.89%. Trace element abundances are also lower for this
sample than the other 3 samples. The only exception is Ni, which at 30 ppm is slightly
more abundant here than the other sites, but within 5 ppm of all other sites.
Sample LH-08-2b consists of grey crystals which were sampled from beneath several cm
of fine white powder on the outside of the vent structure. XRD results indicate that this
sample contains sodiumalum (NaAl(SO4)2•12H2O), magnesite (MgCO3), thenardite, and
mirabilite. Raman results from a similar sample location indicate only mirabilite. UV-Vis
spectral data indicates only thenardite. Major oxide and trace element results are similar
to LH-09-T4. This sample consists of 39.66% Na2O, and < 0.3% of each of the other
major oxides. Total S accounts for 20.93%. There is no more Al2O3 in this sample than
LH-09-T4, suggesting that the amount of sodiumalum must be quite small. Likewise,
there is only slightly more MgO in this sample than LH-09-T4 (0.01% as opposed to <
0.01%), suggesting only a very small amount of magnesite. Total carbon is, however,
more abundant in this sample than LH-09-T4, with 0.07% as compared to < 0.02%. Trace
element abundances are also very low for this sample, and comparable to LH-09-T4.
Sample LH-09-1b consists of wet “sludge” sampled from within the vent. XRD results
indicate that this sample contains major amounts of thenardite, and halite, minor amounts
of quartz, and traces of eugsterite, hydroglauberite, mirabilite, sulfur, and kaolinite. UVVis spectral data indicates thenardite, and phyllosilicate such as kaolinite. Major oxide
and trace element results are consistent with expectations from XRD data. Na2O once
again accounts for a majority of the sample, at 38.96%. Total S accounts for only 11.78%
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Table 4.2. ICP-ES major oxide and trace element results (LiBO2/Li2B4O7 fusion
ICP-ES analysis) from Acme Analytical Laboratories, Ltd. Reported in weight % or
ppm as indicated.
Analyte

SiO2

Al2O3

Fe2O3

MgO

CaO

Na2O

K2O

TiO2

P2O5

MnO

Cr2O3

Unit

%

%

%

%

%

%

%

%

%

%

%

MDL

0.01

0.01

0.04

0.01

0.01

0.01

0.01

0.01

0.01

0.01

0.002

LH-08-2b

0.21

0.04

0.15

0.01

0.06

39.66

0.02

<0.01

<0.01

<0.01

<0.002

LH-09-2a

9.92

2.75

1.51

0.29

23.12

5.69

0.4

0.21

0.04

0.02

0.003

LH-09-1b

3.94

0.8

0.27

0.1

0.49

38.96

0.14

0.06

<0.01

<0.01

<0.002

LH-09-T4

0.2

0.04

0.07

<0.01

0.03

41.61

0.02

<0.01

<0.01

<0.01

<0.002

Analyte

Cu

Ba

Zn

Ni

Co

Sr

Zr

Ce

Y

Nb

Sc

Unit

PPM

PPM

PPM

PPM

PPM

PPM

PPM

PPM

PPM

PPM

PPM

MDL

5

5

5

20

20

2

5

30

3

5

1

LH-08-2b

9

<5

<5

26

<20

7

<5

<30

<3

<5

<1

LH-09-2a

21

94

30

25

<20

900

80

<30

6

<5

3

LH-09-1b

5

31

<5

<20

<20

51

37

<30

<3

<5

<1

LH-09-T4

<5

<5

<5

30

<20

4

5

<30

<3

<5

<1

Analyte

LOI

Sum

TOT/C

TOT/S

Sample

cont’d…
Sample

Unit

%

%

%

%

MDL

-5.1

0.01

0.02

0.02

LH-08-2b

I.S.

40.18

0.07

20.93

LH-09-2a

25.8

69.9

0.73

12.42

LH-09-1b

I.S.

44.79

0.11

11.78

LH-09-T4

I.S.

41.99

<0.02

21.89

cont’d…
Sample

of this sample, indicating that much of the Na2O originates from halite rather than
thenardite, as expected from XRD data. SiO2 is more abundant here than in the crusts
from the vent and terrace, as expected from the minor amounts of quartz, at 3.94%. CaO
is also more abundant, at 0.49%, as expected from the eugsterite and hydroglauberite.
There is also a greater amount of Al2O3, accounted for by the kaolinite. In addition,
Fe2O3, MgO, K2O, and TiO2 are slightly more abundant than in the previous two crust
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samples, but these are not reflected in the mineralogy reported by XRD. Total C is
slightly higher for this sample than the 2 crust samples, at 0.11%. Trace element
abundances are relatively low, but there are increases in Ba (31 ppm), Sr (51 ppm), and
Zn (37 ppm) over the crust samples, which had < 8 ppm of each. Ni is least abundant in
this sample at < 20 ppm.
Sample LH-09-2a consists of a scoop of sediment sampled from the base of an outflow
channel. It is dark and muddy in appearance. XRD results indicate that it contains major
amounts of gypsum, and minor amounts of halite, and quartz, with trace amounts of
calcite, elemental sulfur, and thenardite. UV-Vis spectral data indicates only gypsum, and
something darkening the overall spectrum; potentially organics in the mud. Of the 4
samples, this one is poorest in Na2O (5.69%), but richest in nearly all other major oxides
and trace elements. CaO is the most abundant major oxide in this sample, at 23.12%. This
is expected given the major amount of gypsum and trace calcite in the sample. Next most
abundant is SiO2 at 9.92%, presumably from quartz. Of the trace minerals, Cu, Ba, Zn,
and Zr are all slightly elevated compared to the other samples. Sr is significantly
elevated, at 900 ppm, corresponding with elevated CaO in this sample. Sr is more
abundant in saline water than fresh water (Turekian, 1955), and may substitute in the
place of Ca. Ca is abundant here as gypsum, and Sr may have originated as celestite
(SrSO4), which may be present in quantities too small to detect with XRD. Total C is also
more abundant here, at 0.73%, likely from calcite. Overall, major oxide and trace element
results supported results obtained from XRD.

4.4

Discussion

4.4.1

Comparison of mineral identification techniques

4.4.1.1

XRD vs. UV-Vis-nIR spectroscopy

In most cases the mineral phases, especially those in only trace quantities, were easier to
detect with XRD than with reflectance spectroscopy. In a few cases, however, minerals
were identified from reflectance spectroscopy data that were not seen in XRD data,
including thenardite and clays. Given an approximate XRD detection limit of 1 to 5
weight % for a given mineral, this suggests that in some cases reflectance spectroscopy
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data was more useful for detecting minerals in trace amounts than XRD. Otherwise,
many features were subtle in the ASD UV-Vis-nIR reflectance spectroscopy data (0.3 to
2.5 µm), and in particular thenardite and halite may not have been identified if their
presence hadn’t been known from the XRD data, or the 2.5 to 25 µm range. In addition,
some spectra had overall lower reflectance, indicating something darkening the sample,
or perhaps larger grain size. It is important to note that bright minerals such as halite,
thenardite, and gypsum are especially susceptible to darkening by small dark impurities,
particularly in the visible region of the spectrum.
In the grain size variation experiments it was noted that bands got deeper or shallower,
and reflectance moved up or down. This is a known phenomenon with observations of
samples of the same composition but differing grain size. Absolute band depth and
absolute reflectance can be helpful in determining approximate grain size of a sample, but
these parameters are not as useful for mineral identification by remote sensing as band
position and relative band depths. In addition, spectral slopes such as those observed in
many samples containing thenardite, are not as useful for mineral identification as band
position and relative band depth of absorption features.
In general, most minerals were easier to detect from the Bruker IR reflectance
spectroscopy data (400 to 4250 cm-1, or 2.35 to 25µm) than from the ASD UV-Vis-nIR
reflectance spectroscopy data (0.3 to 2.5 µm). Halite, gypsum, and thenardite were all
easier to detect in IR than UV-Vis-nIR, as well as sulfur and kaolinite. In the 0.3 to 2.5
µm range quartz, plagioclase, halite and elemental sulfur are nearly featureless and thus
difficult to detect spectrally. This makes it easier to detect sulfate minerals. Gypsum and
mirabilite were sometimes not seen spectrally, despite a presence according to XRD. In
the case of gypsum, and based on analyses done on linear mixtures for this study, this
must be because less than 10 % of the sample consists of gypsum. In addition, due to
preferential orientation of gypsum grains, an XRD peak at a 2θ angle of 13.5 is
extremely large, and may make it seem like more gypsum is present in the sample than
there actually is. In the case of mirabilite, this mineral may have dehydrated to the point
where it could no longer be detected spectrally. The Wolf spring samples were crushed
by mortar and pestle nearly a year before they were analyzed spectrally, allowing plenty
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of time for dehydration. A week prior to spectral analysis they were sieved to < 45 µm,
allowing further dehydration. Finally, these samples were analyzed under a 55 W bulb at
34.5 °C, unlike the mirabilite control samples, which were analyzed under a 50 W bulb at
29.5 °C. Mirabilite spontaneously dehydrates at temperatures above 32 °C (Genkinger
and Putnis, 2006), so even if mirabilite was still present in a sample it may have
dehydrated before or during analysis.
4.4.1.2

UV-Vis-nIR spectroscopy vs. Raman spectroscopy

Raman results using the linear mixture library created for this study were consistent with
XRD results. For example, it was possible to identify a sample with approximately 80%
thenardite and 20% halite, as compared to a sample with only 20% thenardite and 80%
halite. Thenardite and halite are easier to detect with both IR reflectance spectroscopy
and Raman spectroscopy than with UV-Vis-nIR reflectance spectroscopy. However,
halite analyzed in this study was difficult to identify with Raman spectroscopy, even
using the library of linear mixtures created for this study. Signals showed a great deal of
interference, and clear peaks were rarely seen. Gypsum is easy to detect with UV-VIS-IR
as well as Raman spectroscopy. Mirabilite is easy to detect using Raman spectroscopy
under the temperature, pressure, and relative humidity conditions encountered in the field
during this study, in July 2012. However, mirabilite would not likely be stable on the
surface of Mars and, therefore, would likely have dehydrated to thenardite. However, it
was observed in this study that abundant mirabilite is present beneath a layer of
thenardite (fine white powder) only 2 or more cm thick in the humid environment within
the vent structure. Additionally, mirabilite can be easily detected by Raman spectroscopy,
provided the Raman measurement is taken before mirabilite dehydrates to thenardite.
Mirabilite may also exist within centimetres of the martian surface, and could therefore
be detected in situ by Raman spectroscopy, if the top few centimetres are first scraped
away. The same would in theory apply to other hydrated mineral phases suspected to be
present just beneath the martian surface, but not detectable with orbital reflectance
spectroscopy, which can only supply data for the uppermost surface minerals.
The in situ confirmation of mirabilite in the field, along with the mirabilite/thenardite
phase diagram by Genkinger and Putris (2006) imply that mirabilite is likely deposited in
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the winter and dehydrates to thenardite during summer months, as previously
hypothesized (Chapter 3). Raman results confirmed the hypothesis that the grey crystals
beneath the white powdery material covering the vent and terrace are mirabilite. This
further indicates that WS vent and terrace were likely originally deposited as mirabilite
during winter months, when spring water fills the vent and spills over, facilitating the
precipitation of new crust material. During winter months temperatures are cold enough
that sodium sulfate is stable in its decahydrate form. During summer months
temperatures are warm enough and humidity is low enough that mirabilite dehydrates to
thenardite when exposed to air.
Raman proved to be an excellent technique for identifying minerals in situ. It works well
for sites with relatively homogeneous mineralogy, such as evaporite deposit where
mineralogy is very difficult to identify in the field beyond the generic classification of
halide or sulfate. In particular, Raman is useful for identifying hydrated or metastable
minerals which dehydrate with exposure to air. This may be especially useful for Mars,
provided an accompanying tool is able to remove the top few centimetres of material, and
the Raman is able to make contact with the fresh surface and take measurements within
minutes, or preferably seconds, of fresh surface exposure.
4.4.2

Spectral identification of halite, thenardite, gypsum, and mirabilite from
Mars orbit

Of the four dominant minerals at Wolf spring (halite, thenardite, gypsum, and mirabilite);
three have been identified from orbit on Mars. Halite and gypsum have been reported in
several locations on Mars (Gendrin et al., 2005; Langevin et al., 2005) and Na-sulfate has
been reported by Zhu et al. (2006) and Mangold et al. (2008). Mirabilite has not been
detected from orbit, but is not expected to exist on the outermost surface. If present, it
would likely be protected by centimetres or more of its dehydrated counterpart,
thenardite. Reflectance spectra of linear mixtures of these four minerals were collected
for this study over a spectral range of 0.35 – 25 µm. The Compact Reconnaissance
Imaging Spectrometer for Mars (CRISM), aboard the Mars Reconnaissance Orbiter
collects data over a range of 0.362 – 3.920 µm (Murchie et al., 2007), and thus data from
this study captures the entire CRISM range. The Observatoire pour la Mineralogie, l’Eau,
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les Glaces et l’Activite (OMEGA) imaging spectrometer on Mars Express collects
spectra from 0.3 and 5.2 µm (Bibring et al., 2005), and thus this study captures nearly the
entire range of OMEGA as well. The Thermal Emission Spectrometer (TES) aboard
Mars Global Surveyor (MGS) collected data from 6 to 50 µm (Bandfield et al., 2000), so
data collected from this study from 6 to 25 µm can be compared to TES data. Therefore,
certain ranges of results from this study can be directly compared to CRISM, OMEGA,
or TES data to better constrain mixtures of minerals seen on the martian surface, but
spectral features between 5.2 and 6 µm cannot be compared to CRISM, OMEGA, or TES
data, as this spectral range is not captured by any Mars orbital spectrometers.
Specifically, the 4-5 µm (2000 to 2500 cm-1) region is useful for identifying and
discriminating sulfates in the presence of other major rock-forming minerals (Cloutis et
al., 2006b). This is where the clearest thenardite features were observed during this study,
and this range is observed by OMEGA, but not by TES or CRISM. However, CO2 in
Mars’ atmosphere also has strong absorption features in the 4-5 μm region, particularly
from 4.2–4.4 μm (Cloutis et al., 2008), making mineral identification difficult in this
region. The 8.33 to 20 µm (500 to 1200 cm-1) range was also helpful for identifying
sulfate features of thenardite, and also features of halite during this study, and this range
is covered by TES data, but not by CRISM or OMEGA. Finally, the 5 to 6.67 µm (1500
to 2000 cm-1) range was useful for identifying features of thenardite, gypsum, and halite
related to H2O in this study. OMEGA and TES each capture part of this range, (5 to 5.2
µm and 6 to 7 µm respectively) but the range from 5.2 to 6 µm is outside of the ranges of
CRISM, TES, and OMEGA, and thus not useful for identifying minerals on Mars.
Diagnostic absorption features of gypsum and mirabilite were also observed in the 1.4 to
2.0 µm range. Thenardite and halite also have features in this range, but they are subtle
and can be masked by gypsum or mirabilite if either or both are present. Features in the
1.4 to 2.0 µm range are within the ranges of both CRISM and OMEGA, and thus gypsum
and mirabilite are not difficult to detect from CRISM and OMEGA data. Although halite,
thenardite, and gypsum have been detected by orbit, they have not yet been identified in
association with landforms clearly resembling spring deposits. Wolf spring is similar to
the features reported by Allen and Oehler (2008) in Vernal Crater, Arabia Terra, Mars in
terms of scale, albedo, surface texture, and geomorphology. However chemistry and
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mineralogy have not been determined due to overlying dust, and therefore cannot be
directly compared via orbital data.
4.4.2.1

Relevance of sulfate minerals to astrobiology

Thenardite and gypsum both have potential to preserve evidence of biological activity
(Richardson et al., 2008; Richardson et al., 2009; Schopf et al., 2012) and thus are both
target minerals in the search for life on Mars. Thenardite can facilitate detection of
aromatic amino acids (Richardson et al., 2009), and gypsum may preserve microfossils
through permineralization (Schopf et al., 2012). However, both have the potential to be
wide-spread on Mars and are certainly expected in areas not associated with spring
deposits. Some environments in which gypsum and thenardite might be found are less
likely to contain large amounts of organic or biological material than spring sites. For
example, thenardite can form as an alteration product of basalt. Gypsum has been
identified on Mars forming dunes (Fishbaugh et al., 2007), in areas of chaos terrains
interpreted to be playa-like deposits or deposits related to episodic release of groundwater
(Glotch and Rogers, 2007; Warner et al., 2011), and in evaporite deposits presumably
formed by the evaporation of an ancient sea or large lake (Catling et al., 2006). The
sulfate minerals focused on in this study are of interest for astrobiological potential, but
locating these on Mars in association with a putative spring deposit would be especially
compelling in the search for evidence of life on Mars.

4.5

Conclusions

Wolf spring represent a good depositional and environmental analogue to potential past,
or perhaps recent, aqueous environments on Mars. Results of this study indicate that
gypsum and mirabilite – alone or in mixtures – are more readily detectable by reflectance
spectroscopy than most other minerals over a wider range of spectra, owing to their
hydrated states. However, mirabilite will likely not be seen from orbital data. If it is
present, surface material will need first to be removed, and mirabilite will need to be
confirmed in situ by an instrument such as a Raman spectrometer. Halite is nearly
invisible spectrally in the 0.3 to 2.5 µm range, but has strong features in the 2.5 to 25µm
range. These features can still be seen when halite is mixed with gypsum and thenardite.
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Thenardite has weak spectral features which can be masked by gypsum in the 0.3 to 2.5
µm range, but has strong features in the 2.5 to 25 µm range, which are still visible when
thenardite is mixed with gypsum. The strongest features are between 4 and 5 µm,
however, which is beyond the range of the CRISM spectrometer, and which can be
obscured by CO2 features in the lower resolution OMEGA spectra. In thenardite-bearing
samples without gypsum, absorption features are evident from 0.3 to 25 µm. In the search
for a spring deposit similar to WS on Mars, gypsum will be easier to identify from orbit,
but thenardite may also be seen when not masked by other sulfates. Gypsum is relevant in
the search for evidence of life, and it is relatively widespread on Mars. Thenardite is
relevant in the search for evidence of life on Mars as well, but is less abundant on Mars
than gypsum. Although the quantity of thenardite is not known, it is expected to be
comparatively rare as thenardite should be detectable by CRISM data; although not as
easily as gypsum, especially when other sulfate minerals are present. The mineralogy and
geochemistry of Wolf spring as determined by XRD are more complex than indicated by
spectral analysis alone; however, sulfate minerals of interest for astrobiology should be
detectable via orbital spectroscopy. In conclusion, sulfates deposited by springs on Mars,
such as thenardite and gypsum, may contain evidence of past life. Therefore, Wolf spring
is a good analogue site for determining astrobiological potential of thenardite and gypsum
in a suitable environmental martian analogue setting.

4.6

References (Chapter 4)

Adams, J.B., et al., 2009. Salt tectonics and collapse of Hebes Chasma, Valles Marineris,
Mars. Geology 37, 691-694.
Allen, C.C., Oehler, D.Z., 2008. A Case for Ancient Springs in Arabia Terra, Mars.
Astrobiology 8, 1093-1112.
Andersen, D.T., 2004. Perennial springs in the Canadian High Arctic: Analogues of
Martian hydrothermal systems, Department of Geography. McGill University Ph.D.
Thesis, Montreal, Quebec, Canada, p. 163.

180
Andersen, D.T., Pollard, W.H., McKay, C.P., 2008. The perennial springs of Axel
Heiberg Island as an analogue for ground water discharge on Mars, International
Conference on Permafrost Proceedings 9, pp. 43-48.
Andersen, D.T., Pollard, W.H., McKay, C.P., Heldmann, J., 2002. Cold springs in
permafrost on Earth and Mars. Journal of Geophysical Research 107,
doi:10.1029/2000JE001436.
Baioni, D., Wezel, F.C., 2010. Morphology and origin of an evaporitic dome in the
eastern Tithonium Chasma, Mars. Planetary and Space Science 58, 847-857.
Balkwill, H.R., 1978. Evolution of Sverdrup basin, Arctic Canada. American Association
of Petroleum Geologists Bulletin 62, 1004- 1028.
Bandfield, J.L., Hamilton, V.E., Christensen, P.R., 2000. A Global fiew of martian
surface compositions from MGS-TES. Science 287, 1626-1630.
Bibring, J.-P., et al., 2005. Mars Surface Diversity as Revealed by the OMEGA/Mars
Express Observations. Science 307, 1576-1581.
Catling, D.C., et al., 2006. Light-toned layered deposits in Juventae Chasma, Mars.
Icarus 181, 26-51.
Clark, R.N., et al., 2007. USGS Digital Spectral Library splib06a, U.S. Geological
Survey, Data Series 231.
Cloutis, E., Craig, M., Kaletzke, L., McCormack, K., Stewart, L., 2006a. HOSERLab: A
new Planetary Spectrophotometer Facility, Lunar and Planetary Science
Conference, Abstract #2121.
Cloutis, E., et al., 2006b. Detection and discrimination of sulfate minerals using
reflectance spectroscopy. Icarus 184, 121-157.
Cloutis, E., et al., 2008. Spectral reflectance properties of minerals exposed to simulated
Mars surface conditions. Icarus 195, 140-168.

181
Crowley, J.K., 1991. Visible and Near-Infrared (0.4-2.5 um) Reflectance Spectra of Playa
Evaporite Minerals. Journal of Geophysical Research 96, 16,231-16,240.
Doran, P.T., McKay, C.P., Adams, W.P., English, M.C., Wharton, R.A., Jr., Meyer,
M.A., 1996. Climate Forcing and Thermal Feedback of Residual Lake-Ice Covers
in the High Arctic. Limnology and Oceanography 41, 839-848.
Eastes, J.W., 1991. Thermal infrared spectra of natural and manmade materials:
Implications for remote sensing. U.S. Army Corps of Engineers, Engineer
Topographic Laboratories, ETL-0587, Fort Belvoir, VA.
Embry, A., Beauchamp, B., 2008. Chapter 13 Sverdrup Basin. Sedimetary Basins of the
World 4, 451-471.
Farifteh, J., van der Meer, F., van der Meijde, M., Atzberger, C., 2008. Spectral
characteristics of salt-affected soils: A laboratory experiment. Geoderma 145, 196206.
Farrand, W.H., Glotch, T.D., Rice Jr, J.W., Hurowitz, J.A., Swayze, G.A., 2009.
Discovery of jarosite within the Mawrth Vallis region of Mars: Implications for the
geologic history of the region. Icarus 204, 478-488.
Fishbaugh, K.E., Poulet, F., Chevrier, V., Langevin, Y., Bibring, J.-P., 2007. On the
origin of gypsum in the Mars north polar region. Journal of Geophysical Research
112, E07002.
Gendrin, A., et al., 2005. Sulfates in Martian Layered Terrains: The OMEGA/Mars
Express View. Science 307, 1587-1591.
Genkinger, S., Putnis, A., 2006. Crystallisation of sodium sulfate: supersaturation and
metastable phases. Environmental Geology 52, 329-337.
Glotch, T.D., Rogers, A.D., 2007. Evidence for aqueous deposition of hematite- and
sulfate-rich light-toned layered deposits in Aureum and Iani Chaos, Mars. Journal
of Geophysical Research 112, E06001.

182
Grasby, S.E., Beauchamp, B., Bense, V., 2012. Sulfuric Acid Speleogenesis Associated
with a Glacially Driven Groundwater System—Paleo-spring “Pipes” at Borup Fiord
Pass, Nunavut. Astrobiology 12, 19-28.
Hamilton, A., Menzies, R.I., 2010. Raman spectra of mirabilite, Na2SO4·10H2O and the
rediscovered metastable heptahydrate, Na2SO4·7H2O. Journal of Raman
Spectroscopy 41, 1014-1020.
Harrison, J.C., Jackson, M.P., 2008. Bedrock geology, Strand Fiord-Expedition Fiord
area, western Axel Heiberg Island, northern Nunavut (parts of NTS 59E, 59F, 59G
and 59H), Open File 5590, 1 CD-ROM. Geological Survey of Canada.
Harrison, T.N., Malin, M.C., Edgett, K.S., 2009. Present-Day Gully Activity Observed by
the Mars Reconnaissance Orbiter (MRO) Context Camera (CTX), American
Astronomical Society, DPS meeting 41, #57.03.
Jackson, M.P.A., Harrison, J.C., 2006. An allochthonous salt canopy on Axel Heiberg
Island, Sverdrup Basin, Arctic Canada. Geology 34, 1045-1048.
Langevin, Y., Poulet, F., Bibring, J.-P., Gondet, B., 2005. Sulfates in the North Polar
Region of Mars Detected by OMEGA/Mars Express. Science 307, 1584-1586.
Lay, C.-Y., Mykytczuk, N., Niederberger, T., Martineau, C., Greer, C., Whyte, L., 2012.
Microbial diversity and activity in hypersaline high Arctic spring channels.
Extremophiles 16, 177-191.
Malin, M.C., Edgett, K.S., 2000. Evidence for Recent Groundwater Seepage and Surface
Runoff on Mars. Science 288, 2330-2335.
Malin, M.C., Edgett, K.S., Posiolova, L.V., McColley, S.M., Dobrea, E.Z.N., 2006.
Present-Day Impact Cratering Rate and Contemporary Gully Activity on Mars.
Science 314, 1573-1577.
Mangold, N., et al., 2008. Spectral and geological study of the sulfate-rich region of West
Candor Chasma, Mars. Icarus 194, 519-543.

183
McEwen, A.S., et al., 2011. Seasonal Flows on Warm Martian Slopes. Science 333, 740743.
Milliken, R.E., Grotzinger, J., Beyer, R.A., Muchie, S., McEwen, A.S., 2007. Evidence
for salt tectonics in Valles Marineris, Mars, Seventh International Conference on
Mars, Pasadena, CA, Abstract #3383.
Montgomery, D.R., Som, S.M., Jackson, M.P.A., Schreiber, B.C., Gillespie, A.R.,
Adams, J.B., 2009. Continental-scale salt tectonics on Mars and the origin of Valles
Marineris and associated outflow channels. Geological Society of America.
Geological Society of America Bulletin 121, 117-133.
Mumma, M.J., et al., 2009. Strong Release of Methane on Mars in Northern Summer
2003. Science 323, 1041-1045.
Murchie, S., et al., 2007. Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) on Mars Reconnaissance Orbiter (MRO). Journal of Geophysical
Research 112, E05S03.
Niederberger, T.D., et al., 2009. Novel sulfur-oxidizing streamers thriving in perennial
cold saline springs of the Canadian high Arctic. Environmental Microbiology 11,
616-629.
Niederberger, T.D., et al., 2010. Microbial characterization of a subzero, hypersaline
methane seep in the Canadian High Arctic. The International Society for Microbial
Ecology Journal 4, 1326-1339.
Omelon, C.R., 1999. A geochemical investigation of perennial spring activity and
associated mineral precipitates at Expedition Fiord, Axel Heibert Island, Canadian
High Arctic, Department of Geography. McGill University M.Sc. Thesis, Montreal,
Quebec, Canada, p. 124.
Pollard, W., et al., 2009. Overview of analogue science activities at the McGill Arctic
Research Station, Axel Heiberg Island, Canadian High Arctic. Planetary and Space
Science 57, 646-659.

184
Pollard, W.H., Omelon, C., Andersen, D.T., McKay, C.P., 1999. Perennial spring
occurrence in the Expedition Fiord area of western Axel Heiberg Island, Canadian
High Arctic. Canadian Journal of Earth Sciences 36, 105-120.
Richardson, C.D., 2010. Bio/organic compound detection using sodium sulfate minerals:
Implications in the search for life on Mars and Europa. University of Montana
Ph.D. Thesis, Missoula, Montana, USA, p. 192.
Richardson, C.D., Hinman, N.W., McHenry, L.J., Kotler, J.M., Knipe, D.L., Scott, J.R.,
2012. Secondary sulfate mineralization and basaltic chemistry of craters of the
Moon National Monument, Idaho: Potential martian analog. Planetary and Space
Science 65, 93-103.
Richardson, C.D., Hinman, N.W., McJunkin, T.R., Kotler, J.M., Scott, J.R., 2008.
Exploring Biosignatures Associated with Thenardite by Geomatrix-Assisted Laser
Desorption/Ionization Fourier Transform Ion Cyclotron Resonance Mass
Spectrometry (GALDI-FTICR-MS). Geomicrobiology Journal 25, 432-440.
Richardson, C.D., Hinman, N.W., Scott, J.R., 2009. Effect of thenardite on the direct
detection of aromatic amino acids: implications for the search for life in the solar
system. International Journal of Astrobiology 8, 291-300.
Rossi, A.P., et al., 2008. Large-scale spring deposits on Mars? Journal of Geophysical
Research 113, E08016, 17 pp.
Schopf, J.W., Farmer, J.D., Foster, I.S., Kudryavtsev, A.B., Gallardo, V.A., Espinoza, C.,
2012. Gypsum-Permineralized Microfossils and Their Relevance to the Search for
Life on Mars. Astrobiology 12, 619-633.
Schwerdtner, W.M., van Kranendonk, M., 1984. Structure of Stolz Diapir; a wellexposed salt dome on Axel Heiberg Island, Canadian Arctic Archipelago. Bulletin
of Canadian Petroleum Geology 32, 237-241.
Squyres, S.W., et al., 2008. Detection of Silica-Rich Deposits on Mars. Science 320,
1063-1067.

185
Squyres, S.W., et al., 2004. In situ evidence for an ancient aqueous environment at
Meridiani Planum, Mars. Science 306, 1709-1714.
Stephenson, R.A., Berkel, J.T.v., Cloetingh, S.A.P.L., 1992. Relation between salt
diapirism and the tectonic history of the Sverdrup Basin, Arctic Canada. Canadian
Journal of Earth Sciences 29, 2695-2705.
Thorsteinsson, R., 1974. Carboniferous and Permian stratigraphy of Axel Heiberg Island
and western Ellesmere Island, Canadian Arctic Archipelago. Geological Survey of
Canada Bulletin 224, Ottawa, p. 115.
Turekian, K., 1955. Paleoecological significance of the Strontium-Calcium ratio in fossils
and sediments. Bulletin of the Geological Society of America 66, 155-158.
Walter, M.R., Des Marais, D.J., 1993. Preservation of biological information in thermal
spring deposits: Developing a strategy for the search for fossil life on Mars. Icarus
101, 129-143.
Warner, N.H., et al., 2011. Constraints on the origin and evolution of Iani Chaos, Mars.
Journal of Geophysical Research 116, E06003.
Wezel, F.C., Baioni, D., 2010. Evidence for subaqueously resedimented sulphate
evaporites on Mars. Planetary and Space Science 58, 1500-1505.
Zhu, M., Xie, H., Guan, H., Smith, R.K., 2006. Mineral and Lithologic Mapping of
Martian Low Albedo Regions Using OMEGA Data, Lunar and Planetary Science
Conference, Abstract # 2173.

186

Chapter 5

5

Detection of potential spring deposits on Mars using
orbital spectroscopy
5.1

5.1.1

A jarosite-rich ovoid deposit at Mawrth Vallis as a
prospective landing site for future Mars missions
Introduction

Mawrth Vallis is in an area of ancient cratered terrain, presumed to be Noachian in age
(Farrand et al., 2009). It features a 3 x 5 km ovoid-shaped landform rich in the Fe-sulfate
mineral jarosite. This jarosite-rich ovoid deposit (JaROD) was first reported by Farrand et
al. (2009), and is located only 67 km from the Mawrth Vallis landing ellipse that was
proposed for the Mars Science Laboratory mission (MSL; Mawrth Vallis site 0). It was
discovered using data from the Compact Reconnaissance Imaging Spectrometer for Mars
(CRISM) hyperspectral imager, after the MSL landing site was proposed. The proposed
landing ellipse is centered at 25.3 °N and 339.73 °E (Table 5.1; Fig. 5.1). This site is
geologically diverse, featuring both jarosite and phyllosilicates, which may be
sedimentary in origin (Michalski et al., 2010). This site also has a strong potential for
past habitability and for preservation of organic matter, as well as physical and chemical
signs of life.
The Mawrth Vallis JaROD sits within a depression, potentially associated with a
degraded impact structure, on a north-facing slope in layered terrains surrounding the
Mawrth Vallis outflow channel. It features a mixture of jarosite and goethite (Farrand et
al., 2009). Relationships cannot be determined from the data currently available, but the
jarosite may be a constituent of the bulk rock and the goethite a coating, or vice versa.
Underlying layers are interpreted as a Fe-Mg smectite layer overlain by a hydrated silica
and aluminous phyllosilicate layer (Bishop et al., 2008). While the origin of the Fe/Mgphyllosilicate-bearing unit underlying the JaROD cannot be determined from currently
existing orbital data, it has been suggested to be sedimentary in nature (Michalski et al.,
2010). This hypothesis is based on the presence of pervasive, intensely weathered layered
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Table 5.1. Mawrth Vallis JaROD landing ellipse
Site Name

Mawrth Vallis jarosite-rich ovoid deposit (JaROD)

Center Coordinates

25.3 °N, 339.73 °E

Elevation

-3.14 km wrt MOLA

Ellipse size

20 x 25 km

Sampling Targets

Jarositic deposit, Phyllosilicate-bearing layered deposits,
Impactites

Distance of Science/ Jarosite, 5.5 km to N. Layered phyllosilicates, 0 km. Impactites, 0
Sampling Targets
km.
from Ellipse Center
rock units containing many minerals common to sedimentary rocks, and the lack of
pyroxene, which is typically present in mafic volcanic rocks.
CRISM spectral data published by Farrand et al. (2009) of the JaROD indicates jarosite
absorption features at 2.26 and 2.46 µm, as well as relatively high values of a 600 nm
shoulder height parameter (Pelkey et al., 2007) which may be due to goethite, and a 1.92
µm absorption feature indicating the presence of a hydrated phase; potentially
ferrihydrite. As this work has shown, however, jarosite tends to mask other minerals
when spectra are collected with the relatively low spatial resolution of orbital imagery
(Chapter 2). Based on this fact and on analysis of terrestrial analogues, it is suggested that
other minerals may also be present within the Mawrth Vallis JaROD.
5.1.2

Science merit related to objectives of a habitability mission

It has been suggested that Mawrth Vallis is an ideal location to search for organics
preserved in phyllosilicates during Mars’ earlier alkaline aqueous period (Michalski et
al., 2010), and that sulfate deposits could provide information about a later acidic saline
aqueous period on Mars (Bibring et al., 2006). These are extremely important reasons to
visit Mawrth Vallis. In addition to determining the relationship between the Mawrth
Vallis JaROD and the surrounding phyllosilicates, it is suggested that sulfate deposits at
Mawrth Vallis should be a high priority target in the search for preserved organics. Under
temperature and pressure conditions currently prevailing on the surface of Mars, jarosite
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is thermodynamically stable (Navrotsky et al., 2005). As such, jarosite may contain
chemical or textural indicators of Mars’ history, perhaps including evidence of biological
activity (Navrotsky et al., 2005).
One proposed formation mechanism for the Mawrth Vallis JaROD is production through
the upwelling of acidic, iron-rich waters. The ingredients necessary for such a mechanism
are oxidation of Fe-sulfides at depth, circulation and upwelling of ground water, and arid,
oxidizing surface conditions. Evidence for all three conditions exists on Mars globally
(McSween and Treiman, 1998; Bibring et al., 2006). If these conditions were present
during the past at Mawrth Vallis, a jarosite deposit could have formed through a number
of different processes. One analogous process is spring or seep deposition, which seems
possible, given the location of the deposit on a slope. Support for this hypothesis comes
from the terrestrial analogue sites studied here (the Golden Deposit (GD), Canada) and
the Rio Tinto (RT), Spain, studied by others. GD is an acidic cold seep-emplaced jarosite
deposit. It is located in a semi-arid region near Normal Wells, Northwest Territories, in
the Canadian Arctic and is underlain by permafrost (Michel and van Everdingen, 1987;
Chapter 2). RT is an acidic river 100 km long located in the Huelva province in
southwest Spain that has deposited jarosite and other minerals along its length. Although
the Mawrth Vallis outflow channel is close to the 3 x 5 km JaROD (<6 km), current data
does not indicate other jarositic deposits associated with the channel, and thus this is not
likely the deposition mechanism. While there is currently not sufficient
geomorphological evidence for fluvial emplacement of the JaROD, mineralogy,
geochemistry, and organic preservation are comparable at GD and RT, and thus both are
important analogues.
Microbial life thrives at both RT and GD despite acidic conditions, and in the case of the
Golden Deposit, in a semi-arid permafrost environment. Rio Tinto has an extremely
diverse biota. Chemolithotrophic bacteria and Archaea, heterotrophic bacteria,
heterotrophic and photosynthetic protists, yeasts and filamentous fungi have all been
identified (González-Toril et al., 2003). The chemolithotrophic community is
overwhelmingly dominated by iron oxidizing, acid-tolerant bacteria identified as different
strains of Leptospirillum ferrooxidans and Acidithiobacillus ferrooxidans (González-
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Toril et al., 1999). The GD has not been fully characterized for microbiology, but
preliminary work shows evidence of iron-oxidizing bacteria, such as Thiobacillus
ferrooxidans (van Everdingen et al., 1985) at depth, and sulfate reducing bacteria at seep
sites near the surface (Lisa Leoni, pers. comm). Because these terrestrial analogue sites
are habitable, the Mawrth Vallis JaROD may at one time have been able to support life
when the martian atmosphere permitted liquid water at the surface. Due to the potential
for habitability, this site, much like sulfate-rich Meridiani Planum (Squyres et al., 2004),
is an excellent candidate target in the search for traces of organics and life.
The Rio Tinto River has been a natural, active acid rock drainage site for more than 2
million years, and has supported and preserved a diverse microbial community for the
duration of its existence (Amaral-Zettler et al., 2002; Sabater et al., 2003; Aguilera et al.,
2006). Rock and sediment samples from Rio Tinto, including jarosite, goethite, and
hematite, ranging from present day to 2 Ma, have been shown by Preston et al. (2011)
through FTIR spectroscopy to preserve biomolecules and the morphological evidence of
life. Therefore if an FTIR spectrometer is included on the upcoming Mars mission, it
would be ideally suited for looking for evidence of organics in a jarosite-rich region. The
high preservation potential of microorganisms and organic molecules within iron-rich
sedimentary rocks and sulfates has been discussed by Sumner (2004) and references
therein. Furthermore, most microorganisms are known to possess autolysins that are
capable of degrading their cell walls (Beveridge, 1981) however these lytic enzymes are
inhibited by iron. The scavenging of iron from environments, such as has occurred at Rio
Tinto, by bacterial cell envelopes can prevent or limit cell degradation and form an
integral part in a series of events leading to the fossilization of microorganisms (Ferris et
al., 1988), potentially on the scale of billions of years. Therefore, areas on Mars such as
the Mawrth Vallis jarosite deposit, which has similarities to the GD and RT, could also
have preserved evidence of life.
In addition, the proximal Mawrth Vallis outflow channel may have been formed in a
fluvial environment, perhaps similar to Rio Tinto. Whether this system was responsible
for jarosite deposition or not, plenty of water would have been available to support other
microbial communities, in addition to those inhabiting or utilizing the jarosite. These

190

Figure 5.1. 25 km x 20 km landing ellipse on CTX images on a THEMIS daytime
TIR brightness temperature mosaic at the Mawrth Vallis jarosite-rich ovoid deposit
(JaROD). The footprints of existing HiRISE, CRISM (in red), and MOC images are
shown. In green are the requested HiRISE image (rectangle) and CRISM image
(hourglass shape) centered at 25.33 °N, 339.74 °E.
organisms may have been preserved in the layered deposits surrounding the jarosite
JaROD, which may be sedimentary.
This location is also interesting for reasons unrelated to jarosite. Based on the presence of
craters exhibiting varying stages of exhumation, the presence of impactites is likely.
Impactites have not been well studied in situ, and would be of considerable interest with
respect to furthering understanding of the relationship of various geologic processes and
the petrogenetic and alteration history of the area.
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5.1.3

Further work

Although well covered by HiRISE and CRISM observations, the Mawrth JaROD and its
surroundings are just barely covered by HiRISE PSP_007533_2055 and CRISM
FRT0000A425. As such, coordinated HiRISE and CRISM images that target the JaROD
directly have been requested. Stereo images appear to have been requested for the entire
landing ellipse area, but besides the ESP_016684_2055_PSP_ 010460_2055 image pair
situated on the eastern most ellipse, additional viable stereo pairs have yet to be acquired.
In the event that the landing site is selected for further study, these stereo pairs will be
required in a timely manner.
With these new images, it will be possible to better characterize the JaROD, and perhaps
better constrain the paleo-depositional environment. We may be able to identify other
jarosite-rich landforms in the region, and depending on where these are situated (e.g., on
other north-facing slopes vs. along the outflow channel), they could help to confirm
whether or not spring/seep deposition was likely, or determine if fluvial deposition was
possible. In addition, images centred at JaROD can be compared to orbital data from the
GD and RT. Comparing orbital-scale data to terrestrial analogue laboratory-scale data
could help us to infer more detailed information about the JaROD. This in turn will help
the scientific community to make an educated decision on which site to target for the
2018 habitability mission.

5.2

Limitations of orbital spectroscopy for spring detection on
Mars

Although numerous sulfate-bearing sites have been identified on Mars, few have been
directly identified as compelling putative spring deposits, other than the Fe-sulfate sites
described above (Mawrth Vallis; Meridiani Planum). Rossi et al. (2008) have proposed
that many of Mars’ wide-spread light-toned deposits (LTDs) may have been spring
emplaced, including those in Valles Marineris and the floor of Gale Crater, and other
investigators have determined that many LTDs contain Mg- and Ca-sulfate minerals
(Milliken et al., 2007; Montgomery et al., 2009; Baioni and Wezel, 2010; Wezel and
Baioni, 2010). Na-sulfates have rarely been detected from orbit (Zhu et al., 2006;
Mangold et al., 2008), and never in direct connection with a suspected spring deposit.
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Most of the proposed martian spring deposits detected from orbit have been identified
based on geomorphology, rather than spectroscopy. Additionally, even the sites that
display the most spring-like morphologies rarely yield mineralogical evidence in support
of the spring hypothesis, for a number of reasons. First, many areas of Mars are covered
in a layer of fine dust thick enough to prevent spectral analysis of the underlying
mineralogy (e.g., central depression and terrace features, Vernal Crater; Allen and
Oehler, 2008). Second, many of the putative spring sites are too small to analyze at the
spatial resolution available with the current orbital reflectance spectrometers (e.g.,
recurring slope lineae; McEwen et al., 2011). One exception is the detection of hydrated
silica deposits hundreds of metres in diameter from CRISM data, in proximity to Nili
Patera volcanic caldera, and presumed to be indicative of a volcanically driven
hydrothermal system (Skok et al., 2010). Third, orbital spectroscopy instruments measure
light that has been reflected or emitted from the martian surface and through the martian
atmosphere. In the atmosphere, light may further interact with molecules such as CO2,
which produce diagnostic absorption features of their own and can obscure or mask
weaker absorption features of minerals of interest on Mars surface over certain
wavelengths. Fourth, the strongest spectral features of the minerals of interest may fall
outside of the spectral range of the orbital spectrometer in question. For example, the
strongest absorption features of thenardite fall outside of the range of CRISM.
Finally, some sulfate minerals that may be helpful in identifying spring deposits are
difficult to detect spectrally, as discussed throughout this study, for various reasons
including mineral masking, and instability on the surface under current Mars atmospheric
conditions.
Some minerals, such as jarosite, exhibit very strong reflectance spectral signatures and
may mask the presence of other minerals. In the case of jarosite this isn’t necessarily a
bad thing, as jarosite is in itself an indicator of the past presence of water. In the case of
the dominant minerals at Wolf Spring (halite, thenardite, gypsum, and mirabilite),
gypsum can generally be identified quite easily in reflectance spectra of materials of
various grain sizes. In the UV-Vis range, gypsum can mask thenardite and halite. In the
IR range halite and thenardite can be detected more easily, even in the presence of
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gypsum. However, due to their anhydrous nature, halite and thenardite have fewer
absorption features related to structural water, and thus are generally not as easy to detect
as hydrated phases such as kieserite (MgSO4·H2O), polyhydrated Mg sulfates such as
epsomite (MgSO4·7H2O) and/or hexahydrite (MgSO4·6H2O), and gypsum
(CaSO4·2H2O), which have been reported with relative frequency on the martian surface
(Gendrin et al., 2005; Milliken et al., 2007). Halite, however, contains Cl which may be
detected via Mars Odyssey’s (MO) Gamma-Ray Spectrometer (GRS) instrument suite
owing to its high cross section for absorbing low-energy thermal neutrons, and high yield
of gamma ray emission (Boynton et al., 2004), more easily than by reflectance
spectroscopy. MO GRS observations have led to the generation of maps of the elemental
distribution of Cl in addition to other elements such as H, Si, Fe, K, and more (Boynton
et al., 2004). Cl maps may be used in combination with geomorphic evidence of potential
spring activity to identify potential halite-bearing spring deposits. Mirabilite should in
theory be relatively easy to detect, if it were stable under current martian atmospheric
conditions. It is likely, however, due to the low relative humidity in the martian
atmosphere that any mirabilite deposited on the surface of Mars would be quickly
dehydrated to thenardite. But, as was learned at Wolf Spring, it is possible that mirabilite
may yet be present under a layer only centimetres thick of thenardite, and if detected it
could indicate locally very high relative humidity conditions, and potentially recent
groundwater activity. The fact remains, however, that is extremely unlikely that
mirabilite will be detected by orbital spectroscopy, and rather will only be detected by a
rover, if overlying materials are first removed by a rock abrasion tool, or similar
instrument.
The most compelling reports of potential spring deposits on Mars based on mineralogy
have resulted from studies by the Mars Exploration Rovers (MER) Spirit and
Opportunity. For example, jarosite and other sulfates, plus relict "hopper crystals"
suggestive of halite, and polygonal fractures suspected to be caused by dehydration of
sulfate salts have been detected in Meridiani Planum by the Alpha Particle X-Ray
Spectrometer (APXS), Mossbauer spectrometer, and Miniature Thermal Emission
Spectrometer (Mini-TES) on Opportunity (Squyres et al., 2004; Squyres et al., 2006).
These minerals could alternatively have been emplaced in playa or sabkha environments,
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especially given the very widespread nature of the deposits. Slightly more compelling are
the discoveries made by the same instruments on Spirit of opaline silica, and carbonaterich outcrops in and around Gusev Crater, suggestive of hydrothermal deposition
(Squyres et al., 2008; Morris et al., 2010). These sites, while very persuasive based on
mineralogy, offer very little morphologic evidence indicative of spring processes,
especially on a scale that would be observable from orbit. Features may be too eroded, or
too obscured by dust. Likewise, the minerals of interest at these sites are not detectable
via orbital spectroscopy, due to insufficient spatial resolution of orbital spectrometers.
Provided a site of interest is large enough for detection via orbit, spectra with the relative
coarseness of orbital imagery are useful for identifying dominant minerals at a site of
interest, and drawing coarse-scale conclusions. However, given the spatial resolution of
orbital data, there are limitations to what orbital spectra can reveal. This especially
applies when spectra are obtained from locations with minerals that have very strong
absorption features, (e.g., jarosite) which may overshadow other minerals. Therefore,
spectral analysis has limitations as a remote sensing technique, and ground-truthing is
very important to gain a detailed understanding of most sites. For most of Mars, orbital
spectroscopy data is the only current mineralogical data set. Thus, in many locations of
interest on Mars, intermingled or minor mineralogical components may go undetected. In
some cases, these minerals could be indicators of paleoenvironments or biological
activity. Orbital spectroscopic data is a fantastic tool to help us understand big picture
mineralogy on the surface of Mars, but analogies must be drawn between orbital-scale
data and laboratory quality data at similar sites on Earth in order to more accurately
identify and justify sites of interest for sending future surface missions to solve the many
puzzles of Mars. The identification of mineralogy of spring deposits from instruments
orbiting Mars remains a great challenge, but not an insurmountable one. Lessons learned
throughout this study about the distribution of minerals at select Mars analogue spring
sites may be applied in the search for evidence of springs on Mars. In addition, lessons
from this study may be applied to the design of a future orbital spectrometer. In order to
more easily identify potential spring deposits on Mars similar to those studied here, the
next orbital spectrometer for Mars would ideally have a spatial resolution down to 2 m,
and a spectral range of at least 1.0 to 5.2 µm.
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5.3

Relationships between microbes and minerals in Axel
Heiberg Island springs

Various forms of microbial life have been identified at Colour Peak (CP), Gypsum Hill
(GH), and Wolf Spring (WS) sites on Axel Heiberg Island, offering clues about
metabolism in these extreme environments (Perreault et al., 2007; Perreault et al., 2008;
Niederberger et al., 2009; Niederberger et al., 2010). Even before microbiological
characterization was conducted, Pollard et al. (1999) observed that surficial deposits of
elemental sulfur and the release of H2S were indicative of microbial activity in
association with the springs. At WS archaea have been identified via culture independent
analyses, including anaerobic methane oxidizing ANME-1 archaea (Niederberger et al.,
2010). This unique archaea utilizes methane as an energy source and sulfate as the
electron acceptor (Vincent et al., 2009). In addition, a few scum-like biofilms were found
in shallow, relatively stagnant areas of water, and a few “streamer-type” biofilms of
filament-forming microbes, roughly 1 cm long, were tentatively identified during this
study attached to organic debris at various points along the length of the spring, 10s of
metres downstream of the vent. At CP, one phylotype reported by Perreault et al. (2007)
may be capable of reducing elemental sulfur to sulfide, or oxidizing sulfide to sulfur. In
addition, scum-like biofilms were found in shallow, relatively stagnant pools of water,
particularly in shallowly sloping areas at the top and bottom of the hill. Two streamer
biofilms roughly 1 cm long were tentatively identified during this study, attached to
terraces about halfway downstream from the largest outlet in a faster-flowing area of the
largest spring. Much like at CP, Perreault et al. (2007) have reported one phylotype at
GH that may be capable of reducing elemental sulfur to sulfide, or oxidizing sulfide to
sulfur. Elemental sulfur is associated with sulfur oxidizing bacteria in “streamer” biofilms
(Clarke et al., 2010), but the mechanism is not yet understood. Perreault et al. (2008)
have also reported possible evidence of microbial methanogenesis and possible
methanotrophy at GH. Sulfide emerging from the springs may support populations of
chemolithoautotrophic sulfur oxidizers in all of the spring systems (Perreault et al.,
2007).
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The channels, terraces, and nodules observed at GH were found during this study to be
composed primarily of elemental sulfur with varying amounts of calcite, quartz, and
gypsum. It is hypothesized that microbes capable of oxidizing sulfide to elemental sulfur
are concentrated in these areas, although this would be less energetically favourable than
oxidation to sulfate (Madigan and Martinko, 2006). It is further hypothesized that the
individual springs at GH exhibiting the S-channels, terraces, and nodules may be
degassing more H2S than the other springs. Similar to CP, however, channels and terraces
start forming part way down slope, and not directly at the outlet. Perhaps waters become
supersaturated with respect to H2S as water flows downslope, and this leads to eventual
degassing of H2S, which feeds sulfur oxidizing bacteria colonizing channels and terraces.
More work is needed to confirm this hypothesis, however it is noted that elemental sulfur
can also be detected via orbital spectroscopy, and this may be of future interest. Other
future work will include determination of relationships between microbes and specific
mineral phases, and the identification of those phases via orbital spectroscopy.
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Chapter 6

6

Summary and Conclusions
6.1

Summary

In this study, two groups of springs naturally existing under Mars-like temperature and
humidity conditions (e.g., permafrost and arid climates) have been geologically
characterized. The first group at the Golden Deposit (GD), NWT, features a number of
acidic, iron-rich seeps precipitating a large patch of jarosite similar in scale and
appearance to the large ovoid jarosite deposit at Mawrth Vallis, Mars (Farrand et al.,
2009). The second group on Axel Heiberg Island, Nunavut, features three sets of saline
perennial springs flowing through subsurface salt diapirs and depositing halite, various
sulfate minerals, and in one case carbonate minerals, at the surface. Both of these sets of
springs differ from the majority of spring sites on Earth, which more commonly are rich
in silica and carbonate minerals, and are typically found in non-permafrost environments.
The mineralogy of these two groups of spring deposits was determined using laboratorybased X-ray Diffraction (XRD), and the distribution of minerals was mapped in transects
down and across spring deposits. It was determined that jarosite at the Golden Deposit
extended up to 70 m radially outward from the visible spring deposit and that mineralogy
of the GD was complex, containing predominantly natrojarosite and jarosite, with
hydronium jarosite, goethite, quartz, clays, and small amounts of hematite (Chapter 2).
On Axel Heiberg Island, it was determined that there is a large degree of variability
between minerals precipitated at three saline perennial cold springs despite close
geographic proximity, and in some cases similar morphology. Several trends were
observed moving from the spring outlets and downstream, as well as laterally across
springs. The mineralogy of the three springs is dominated by halite, calcite, gypsum,
thenardite, mirabilite, and elemental sulfur. Minerals at Wolf Spring (WS) are more
sodium-rich than at the Gypsum Hill (GH) and Colour Peak (CP) sites, and water salinity
is much higher, suggesting water flows through halite in the subsurface. Mirabilite is
likely deposited at Wolf Spring during winter months and dehydrates to thenardite during
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summer months (Chapter 3). Elemental sulfur is typically associated with gypsum, and
may be related to microbial metabolism.
Samples from the GD and WS were analyzed via UV-Vis-nIR reflectance spectroscopy
to approximate how these sites would appear in orbital reflectance spectral data (Chapters
2 and 4). Spectrally, the GD appeared to consist only of jarosite, as jarosite masked the
other minerals present. The mineralogy and geochemistry of the GD, as determined by
XRD and ICP-ES, have proven to be much more complex than indicated by spectral
analysis alone. Results from WS indicate that gypsum and mirabilite are more readily
detectable by reflectance spectroscopy than most other minerals over a wider range of
spectra, both in mixtures and in pure samples, owing to their hydrated states. Halite is
nearly invisible spectrally in the 0.3 to 2.5 µm range, but has strong features in the 2.5 to
25µm range. Thenardite, which is also of interest in the search for evidence of life on
Mars, has weak spectral features that can be masked by gypsum in the 0.3 to 2.5 µm
range, but has strong features in the 2.5 to 25µm range, and in particular between 4 .0 and
5.0 µm. In thenardite-bearing samples without gypsum, absorption features are evident
from 0.3 to 25 µm. Halite has little effect on obscuring absorption features of gypsum,
thenardite, or mirabilite. In the search for a spring deposit similar to Wolf Spring on
Mars, gypsum will be easier to identify from orbit, but thenardite may also be observed
when not masked by other sulfates.
If jarosite deposits on Mars were emplaced by a groundwater upwelling mechanism
similar to the Golden Deposit, under similar pH and temperature conditions, they may
also have supported life, and may even contain evidence of past life preserved within the
sediments. Although permafrost was not likely required for the GD to form, this site
demonstrates that conditions on Mars did not need to be significantly warmer or wetter
than today for jarosite deposition. Additionally, despite high salinity, cool temperatures,
24-hour darkness in the winter, and anoxic conditions, the Axel Heiberg springs are
hospitable to microbial life. These springs may be similar to springs that existed during
Mars’ past, for example at Arabia Terra, in terms of scale, tonality, surface texture, and
geomorphology. If sulfate deposits on Mars were emplaced by a similar mechanism,
under similar environmental conditions, they may also have supported life. Sulfate
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minerals such as jarosite, gypsum, and thenardite are known to preserve organic material,
and thus any suspected spring deposits on Mars containing these minerals would be
excellent candidates in the search for evidence of life on Mars.

6.2

Conclusions

This study has shown that different styles of cold springs existing on Earth under Mars
analogue environmental conditions can produce spring deposits with a wide variety of
mineralogies. The springs studied here can precipitate sulfate minerals including some
that are known to be relatively abundant on the surface of Mars. These minerals,
including jarosite, thenardite, and gypsum, are capable of preserving evidence of
microbial activity. Jarosite, the dominant mineral at the Golden Deposit, can be easily
detected from Mars orbital spectral data, but tends to mask other minerals. Of the
dominant minerals at Wolf spring (halite, thenardite, gypsum, mirabilite), all have the
potential to be detected from Mars orbital spectrometers, but gypsum may mask features
of the other minerals even when present in low concentrations. The strongest absorption
features of thenardite and halite fall outside of the spectral range of the Mars orbital
spectrometer which currently has the greatest spatial resolution, but weaker features may
be seen when gypsum is not present. This study recommends that the next orbital
spectrometer for Mars should have spatial resolution down to 2 m, and a spectral range of
at least 1.0 to 5.2 µm. Results of this study indicate that a jarosite-rich deposit at Mawrth
Vallis may have been spring emplaced, and is an ideal target in the search for evidence of
life on Mars.
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Appendix A
Appendix A: Microscopy
Petrographic microscopy

Fig. 1. These thin sections from Colour Peak sample CP-09-01c show sub-rounded to
sub-angular grains of quartz next to alternating layers of calcite and gypsum. This quartz
appears to be detrital in nature, and not precipitated in situ. Left: 5 x magnification, plane
polarized light. Right: 5 x magnification, cross polarized light. Scale bar 500 µm.

Fig. 2. These thin sections from Wolf spring sample LH-09-T2 show weathered and
fractured grains of quartz. Epoxy is also visible. This quartz appears to be detrital in
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nature, and not precipitated in situ. Left: 10 x magnification, plane polarized light. Right:
10 x magnification, cross polarized light. Scale bar 200 µm.

Scanning Electron Microscopy (SEM)

Fig. 3. Wolf spring sample LH-09-T9-2. Cubic halite crystals with gypsum “haystacks”.
Minerals deduced from XRD results. 139 x magnification; scale bar is 100 µm.
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Fig. 4. Wolf spring sample LH-09-T9-3. Gypsum “haystacks” on halite crystals. Minerals
deduced from XRD results. 1160 x magnification; scale bar is 10 µm.

Fig. 5. Wolf spring sample LH-09-T9-11. Thenardite, halite, and gypsum, based on XRD
results. Larger flat crystals assumed to be halite, and a majority of the smaller crystals are
assumed to be thenardite. 993 x magnification; scale bar is 10 µm.
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Stereomicroscopy of unprocessed Wolf spring samples

Fig. 6. Wolf spring sample LH-08-03, collected from the WS vent. XRD results indicate
this sample contains major quantities of thenardite, and major quantities of mirabilite,
with minor halite. Visually, this sample has the appearance of mirabilite, which has high
luster and a “wet” appearance. This further supports the hypothesis that some of the
samples collected from Wolf spring were originally mostly mirabilite, but dehydrated to
thenardite in transit, or during XRD analysis. 5 x magnification; scale bar is 500 µm.
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Fig. 7. Wolf spring sample LH-09-3b, collected proximal to WS outflow channel. XRD
results indicate this sample contains major quantities of halite with minor thenardite,
sulfur, quartz, eugsterite, and trace gypsum. Note cubic halite crystals, and in particular
note fibrous crystals growing from cubes (top right). Top picture: 5 x magnification; scale
bar is 500 µm. Bottom picture: 10 x magnification; scale bar is 100 µm.
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Appendix B
Appendix B: Database of spectral features for minerals of interest at Wolf Spring
Wolf Spring minerals, diagnostic of saline cold springs:
MAJOR
halite
thenardite
gypsum
mirabilite
MINOR
sulfur

eugsterite

NaCl
Na2SO4
CaSO4•2(H2O)
Na2SO4•10(H2O)

Halide
Anhydrous sulfate
Hydrated sulfate
Hydrated sulfate

S
Element
Na4Ca(SO4)3•2(H2O) Hydrated sulfate

INFREQUENT

sodiumalum
calcite
magnesite

NaAl(SO4)2•12H2O
CaCO3
MgCO3

Hydrated sulfate
Anhydrous carbonate
Anhydrous carbonate

Additional WS minerals NOT diagnostic of saline cold springs:
(in this case)
quartz

plagioclase
muscovite
kaolinite
pyrophyllite

SiO2
(Na,Ca)(Si,Al)4O8
KAl2(Si3Al)O10(OH,F)2
Al2Si2O5(OH)4
Al2Si4O10(OH)2

Tectosilicate Si Tetrahedral Frameworks
Tectosilicate Al-Si Framework
Phyllosilicate Sheets of Six-Membered Rings
Phyllosilicate Sheets of Six-Membered Rings
Phyllosilicate Sheets of Six-Membered Rings

I constructed the following database (shown here as a series of tables) summarizing the
documented absorption features of the minerals of interest in this study. I used this
database in combination with the USGS spectral library, and my own library generated
by creating linear mixtures of the four dominant minerals at Wolf spring, to identify
absorption features and relative quantities of minerals in samples from Wolf spring.
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Spectral features from 0.3 to 2.5 µm

ASD wavelengths, 0.3 to 2.5 um
(Crowley, 1991)

Eugsterite

300 nm
400 nm
500 nm
600 nm
700 nm
(From Farifteh et al., 2008, Halite
basically featureless
and Crowley, 1991)
(From Farifteh et al., 2008) Thenardite abundance causes higher albedo in soils < - - - anhydrous, transition element-free sulfates generally featureless below ~4 um (1.5,2,2.3 = Howari et al, 2004)
(From Cloutis et al., 2006) Gypsum
(Crowley, 1991)

Mirabilite

(Nash & Fanale, 1976)

Elemental S

(From Cloutis et al., 2006) Sulfates

0.35 um
0.45 um
absorption maximumsteep absoprtion edge
< - - - - - - - - - - - - - - - - - - - - - - - - - - - - anhydrous, transition element-free sulfates generally featur

Sulfates
(specific)
Other mins

800 nm

0.43 um
Some layer silicates

900 nm

1000 nm
1100 nm
1200 nm
1300 nm
1 um??
non-hydrated = narrow bands
element-free sulfates generally featureless below ~4 um - - - - - - - - 1 um?? .- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1 um
hydrated = broad feature
0.992 um
hydrated = broad feature

1.224 um

0.8 um
broad shallow absorption
hydrous, transition element-free sulfates generally featureless below ~4 um, but wavelength positions of absorption bands below 2.5 um allow for discrimination of individual OH1.13 um, v1 + v2 + v3
1.38 um, v1 + v3
0.94 um, 2v1 + v3
H2O molecules, overtones
H2O molecules, overtones
H2O molecules, overtones & and combinations of H-O-H
and combinations of H-O-H
< - - 0.8 - 0.9 um - - >
combos, H-O-H stretches/bendsstretches and bends
stretches and bends
Iron oxides/hydroxides
< - - 0.9 - 1.2 um, iron oxides/hydroxides & mafic silicates- - >
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6000 cm-1

5500 cm-1

1.436 um

1.928 um 1.962 um
1500 nm
1600 nm
1700 nm
1800 nm
1900 nm
1432 or 1440 nm
1933 or 1936 nm
fluid inclusions and/or absorbed water
fluid inclusions and/or absorbed w
1410 nm .- - - - -1.5,
- -fluid
- -inclusions
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 1922 or 1929 nm
fluid inclusions and/or absorbed water
fluid inclusions and/or absorbed water
1.390 um 1.449 um 1.488 um 1.534 um
1.751, 1.78
1.944, 1.97
(H2O overtones/combinations)
(combos of OH/H2O bends, stretches, rot's or S-O bend overtones)
(H2O combos)
1.4 um
1.448, 1.464 um
1.548 um
1.768 um
1.9 um
1.946 um
hydrated = broad feature
hydrated = broad feature
1400 nm

elow 2.5 um allow for discrimination of individual OH- and H2O-bearing sulfates - - - - - - <--H-O-H/O-H bending and translation
1.45 um, 2v2 + v3
/rotation combinations, 1.7 - 1.85 -->
H2O molecules, overtones
H2O molecules, overtones
(1.8, broad shallow absorption
and combinations of H-O-H
and combinations of H-O-H
feature &/or 1-3 narrow bands
stretches and bends
in hydrous sulfates)
1.4 other OH/H2O bearing mins
1.8 NOT overlapped

5000 cm-1

4500 cm-1
2.068 um

2.192 um

- - - - - - - - - - - - - - - 1.94um, H2O
1.88 um, v2 + v3
Indicates molecular H2O in a sample
(overtones/combos of H-O-H stretches/ben
1.9 other OH/H2O bearing mins

4000 cm-1
2.480 um

2000 nm
2100 nm
2200 nm
2300 nm
2400 nm
2500 nm
1933 or 1936 nm
fluid inclusions and/or absorbed water
2.0, fluid inclusions
2.3, fluid inclusions - - - anhydrous, transition element-free sulfates generally featureless below
fluid inclusions and/or absorbed water
1.944, 1.97
2.170 um 2.220 um
2.28 um
2.43, 2.48 um
(H2O combos)
(combos of OH/H2O bends, stretches, rot's or S-O bend overtones)
2.180 um
2.236 um
2.484 um
hydrated = broad feature
2.4 um, SO4 groups
<--H2O- and OH-combinations as well as overtones of S-O bending fundamentals, 2.1 - 2.7 um-->
< - - - this region is essentially featureless for anhydrous species, 2.1 - 2.7 - - - - - - - - - - ---- - -- - ->
< - - - H2O-bearing/OH-free sulfates exhibit broad, weak absorptions due to H2O combos/
Indicates molecular H2O in a sample
2.27 = jarosite
overtones, or S-O stretching overtones - - - - >
(overtones/combos of H-O-H stretches/bends)
1.9 other OH/H2O bearing mins
< - - - - - - - - - - -layer silicates and carbonates also exhibit absorption bands here, 2.1 - 2.7 - - - - - - - >
- - - - - - - - - - - - - - - 1.94um, H2O

- - - >
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Spectral features from 2 to 25 µm (400 to 5000 cm-1)

Bruker wavelenths, 400 to 4500 cm-1 (25 to 2.2 um)

4-5, Best region for ID'ing & discrim'ing sulfates

http://www.impublications.com/wavenumber-wavelength-converter
2 µm
3 µm
5000 cm-1
3333 cm-1
(From Farifteh et al., 2008
cm-1:
and Eastes, 1989)
Halite
um:

in presence of other major rock-forming mins

4 µm
2500 cm-1

5 µm
2000 cm-1

6 µm
1667 cm-1

<- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

(From Farifteh et al., 2008
cm-1:
2127.66 cm–1
and Richardson et al., 2012)Thenardite um:
<-generally featureless below 4 um->
4.7 um
cm-1:
S-O stretching
(From Cloutis et al., 2006)
4032.26,3921.57,3496.5,3378.38,3236.25/2309.47,2242.15,2207.51,2141.33,2114.16,2008.03/1689.19,1636.66,1618.12
Gypsum
um:
2.48, 2.55, 2.86, 2.96, 3.09
4.33, 4.46, 4.53, 4.67, 4.73, 4.98
5.92, 6.11, 6.18
(H2O stretching fundamentals)
(SO4 overtone & combo bands)
(H2O bending fundamentals)
(From Crowley, 1991 &
cm-1:
4025.76 cm–1
3570.15, 3439.97 cm–1
2127.66 cm–1
cm-1:
1635.06 cm–1
Farmer, 1974)
Mirabilite um:
2.484 um 2.801, 2.907 um
4.7 um??
um:
6.116 um
(vH2O)
S-O stretching??
(δH2O)
(From Sprague et al., 1995
cm-1:
cm-1:
and Nash, 1985)
Elemental S um:
um:
2.4 um (4167 cm-1), SO4 groups
(From Cloutis et al., 2006) Sulfates
<--H2O- and OH- combinations
<--Most intense conbinations
(general)
+ overtones of S-O bending
and overtones of fundamental
fundamentals, 2.1 - 2.7 um-->
S-O bending and stretching
< - - anhydrous, transition element-free vibration absorption bands, 4-5 - ->
sulfates featureless < ~4 um - - - - - - - - >
(From Eastes, 1991 army report)
Sulfates
2.738 um
6.27 um
(specific)
Free H2O molecule
H-O-H bend of
symmetric stretch (v1)
free H2O molecule (v2)
2.66 um
Other mins 2.1 - 2.7 Free H2O molecule
3 um, other OH/H2O bearing mins
silicates asymmetric stretch (v3)
&
2.55 um 3 um, other OH/H2O bearing mins
carbnates All H2O bearing samples
exhibit bands here
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7 µm
1429 cm-1

8 µm
1250 cm-1

9 µm
1111 cm-1

10 µm
1000 cm-1

11 µm
909 cm-1

12 µm
833 cm-1

13 µm
769 cm-1

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - featureless - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ->
cm-1:
um:

1111.11 cm–1
9.0 um
cm-1:
(SO4 v3 stretch)
41.33,2114.16,2008.03/1689.19,1636.66,1618.12
1257.86 1190.48
1149.43,1086.96 cm–11003.01 cm–1
cm-1:
um:
7.95
8.4
8.7, 9.2
9.97
um:
(H2O bending fundamentals) (Christian.)(Restrahlen)
(v3 SO4 bend)
(v1 SO4 stretch)
cm-1:
1111.11 cm–1
1000.00 cm–1
um:
9.0 um
10 um
(SO4 v3 stretch)
(v1)
1303.78 cm–1
cm-1:
934.58
901.71
870.32 844.59 cm–1
cm-1:
7.67 um
um:
10.7 um
11.09
11.49 11.84 um
um:
v1 + 2v3
v1 + v5
v10 + v3
< - -Fundamental S-O bending and stretching vibration - - >
<H2O-bearing sulfates H-O-H rot., 11-13> < - - - - - - Fundamental S-O bending and stretch
absorption bands, v1, 9.6-10.4 and v3, 7.8-10.4
<-8 um, low reflect. <-9 um, high reflect. < - - - - - - - - - - - - - - - - - - - - - - - - Metal-OH bending vibrations, 10-17 um - - - - - - - - - - - - - - - - - - - - - - - - - - - Christiansen feat.-> Restrahlen peak->
(sulfate-anion stretchin
fundamental)
11.8 to 14 um
< - - - - - - - - - - - - - -anhydrous sulfates domina
< - - anhydrous sulfates dominated by v3, 7.8-10.4 - - >
<--Na-, K-, Mg-, and Ca-bearing sulfates, 1-2 bands-->
free H2O molecule (v2)
13 to 19.2 um
< - - - - - mixed-cation species, 1-2 bands - - - - 3 um, other OH/H2O bearing mins
< - - - - - - - - common silicates, 8 - 12 um - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ->
7 um, carbonate
8.6 um, quartz doublet
11.4 um, carbonate
12.5 um, quartz doublet
~1160 cm-1
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14 µm
714 cm-1

15 µm
667 cm-1

16 µm
625 cm-1

17 µm
588 cm-1

18 µm
556 cm-1

19 µm
526 cm-1

- - - - - - - - - - - - - - - - - - - - - - - ->
cm-1:
um:

641.03 cm–1
621.12 cm–1
15.6 um 16.1 um
(SO4 v4 stretch)
704.23 cm–1
657.89
628.93-621.12 cm–1
574.71 561.80 cm–1
14.2
15.2
15.9-16.1
17.4
17.8
< - - - - - - - - - - - - - - - - v4 SO4 bend - - - - - - -- - - -- - - - - - - -- - - - - - -- - - - - - - - - - - >
cm-1:
641.03 cm–1
621.12 cm–1
um:
15.6 um 16.1 um
(SO4 v4 stretch)
710.23
682.59
657.03
619.2
586.85 cm–1
547.65
14.08
14.65 15.22 um
16.15
17.04 um
18.26
v1 + v6
v10 + v8
< - - - - - - Fundamental S-O bending and stretching vibration absorption bands, v4, 13-18 - - - - - - - - - - ->

g vibrations, 10-17 um - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - >

< - - - - - - Fundamental S-O bending and str

< - - - - - - - - - - - - - - - - - - - - -

< - - - - - - - - - - - - - -anhydrous sulfates dominated by v4, 13 - 18 - - - - -- - - - - - - - - - - - - - - - - - - - - - - - >
-, Mg-, and Ca-bearing sulfates, 1-2 bands-->
< - - - - - mixed-cation species, 1-2 bands - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - >
< - - - - - - - - - - common silicates, 14 - 17 um - - - - - - - - - - - ->
14.3 um, quartz
14.3 um, carbonate (weak)

uncertainty
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20 µm
500 cm-1

21 µm
476 cm-1

22 µm
455 cm-1

23 µm
435 cm-1

24 µm
417 cm-1

cm-1:
um:

429.18 cm–1
414.94 cm–1
23.3
24.1
< - - v2 SO4 bend - - - - - - - - - >

25 µm
400 cm-1

cm-1:
um:

475.06 cm–1 (475.96 and 473.48??)
21.05 um (21.01 and 21.12??)
Fundamental
< - - - - - - Fundamental S-O bending and stretching vibration absorption bands, v2, 19-24 (weaker)- - - - - - - -- - - - - ->

- - - - - - - - - - - - - - - - - -

uncertainty regarding exact features

20 um
Rotational fundamental
of free H2O

- - - - - - - - - - - - - - - - - - - - - - - - - - - - >
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Appendix C
Appendix C: Additional reflectance spectroscopy results (HTGM mixtures)

Fig. 1. Absorption features of halite (H) and thenardite (T) in the 300 to 2500 nm range.
Mixtures demonstrate how spectra change when minerals are mixed. As the spectra of
both minerals are very subtle in this range, few variations are noted. From 380 –600 nm,
samples with significantly more thenardite than halite (7:3 & greater) dip down toward
380, as much as 7% reflectance. However, natural samples containing thenardite
(according to XRD) don’t always show this trend. Some natural samples with no
thenardite (according to XRD) also show this trend. Samples with more halite than
thenardite (7:3 and less) dip very little, only 3%. Overall, samples with more halite are
more reflective than samples with more thenardite, up to 6% overall. Pure thenardite has
an absorption feature at 1410 nm. Pure halite has a feature at 1440 nm. All HT mixes
show features at both 1410 and 1440 nm. All HT mixes plus pure thenardite show
absorption feature at 1940 nm. Pure halite’s absorption feature is shifted right, closer to
1970 nm. The literature, however, indicates that these features should be present at 1922
and 1936 nm. It is not clear why samples from this study are offset 20 to 30 nm. All four
absorption features are due to fluid inclusions and/or absorbed water (Crowley, 1991;
Farifteh et al., 2008).
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Fig. 2. Absorption features of thenardite (T) and gypsum (G) in the 300 to 2500 nm
range. Mixtures demonstrate how spectra change when minerals are mixed. From 380 –
600 nm, samples with more thenardite than gypsum (6:4 & greater) dip down toward 380,
as much as 8% reflectance. Samples with more gypsum than thenardite (6:4 and less) dip
very little, only 3% or less. Samples with more gypsum than thenardite are more
reflective from 380 to 1200 nm, but samples with more thenardite than gypsum are more
reflective from 1200 to 2500 nm. All gypsum bearing samples mixes show slight
absorption features at 1000 and 1200 nm. All TG mixes show absorption features at 1944
nm. All samples containing gypsum show triplet absorption features at 1449, 1488, and
1534 nm. All samples containing gypsum show doublet absorption features at 1751 and
1780, and at 1944 and 1970 nm, and features at 2170, 2220 and 2280 nm.
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Fig. 3. Absorption features of halite (H) and gypsum (G) in the 300 to 2500 nm range.
Mixtures demonstrate how spectra change when minerals are mixed. From 380 –600 nm,
all HG mixtures have relatively consistent reflection, as compared to samples containing
thenardite. Samples with more gypsum than halite are often (but not always) more
reflective from 380 to 1100 nm, but samples with more halite than gypsum are more
reflective from 1200 to 2500 nm. All gypsum bearing samples mixes show slight
absorption features at 1000 and 1200 nm. All HG mixes show slightly more pronounced
absorption features at 1970 (as compared to TG mixes, with a more pronounced feature
closer to 1944 and less pronounced at 1970). All samples containing gypsum show triplet
absorption features at 1449, 1488, and 1534 nm. All samples containing gypsum show
doublet absorption features at 1751 and 1780, and at 1944 and 1970 nm, and features at
2170, 2220 and 2280 nm
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Fig. 4. Spectra of mixtures of gypsum and mirabilite indicate that a sample needs to have
at least 7:3 mirabilite to gypsum for mirabilite to hide gypsum triplets and doublets at
1940 and 1990 nm, and at 2210 and 2260 nm. A sample needs to have more than ~30%
gypsum to show gypsum triplets in the presence of mirabilite. Gypsum doublets at 1750
and 1790 nm begin to look like a single feature with less than 70% gypsum, while in the
presence of mirabilite.

Fig. 5. Spectra of mixtures of thenardite and mirabilite indicate that samples with as little
as 10% thenardite have the characteristic decrease in reflectance from 600 to 380 nm.
Samples with 30% or more mirabilite show all features characteristic of mirabilite.
Samples with 10% or less mirabilite show features at 1460 and 1920 nm, but other
features are muted.
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Fig. 6. Absorption features of halite (H), thenardite (T), and gypsum (G) in the 300 to
2500 nm range. No new trends observed. Samples with more thenardite have a larger
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drop in reflectance around 380 nm. All samples with gypsum have small absorption
features around 1000 and 1200 nm. Gypsum triplets are present, even when only 10%
gypsum, and for any proportions of halite and thenardite. More gypsum corresponds with
deeper absorptions, especially noticeable in triplets between 1440 and 1540 nm. Samples
with more halite or thenardite are more reflective and have shallower gypsum absorption
features.

Fig. 7. Freshly crushed mirabilite shows absorption features at 1000, 1224, 1380, 1464,
1780, 1920, 2180, and 2236 nm. As mirabilite was exposed to air and elevated
temperature, and underwent dehydration, absorption bands grew progressively shallower.
When mirabilite rehydrated after 3 hours, absorption features were all shifted slightly to
the left. Mirabilite from mini-ME (Mars pressure chamber), which had been exposed to
air for a long time, showed the reflectance drop from 600 to 380 nm characteristic of
thenardite, as well as all mirabilite absorptions. Mirabilite crushed one week prior
showed all mirabilite absorptions, but also had higher reflectance than the other samples.
Large grains of mirabilite had lower reflectance and subdued absorption features.
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Appendix D
Appendix D: δ18O isotopic analyses, Axel Heiberg Island spring water
1. Introduction
Axel Heiberg Island spring waters were analyzed for δ18O isotopes in order to determine
the relationships between various sets of springs and the surrounding environment. In
particular, isotope values are used here to test hypotheses about spring water sources, and
origins of springs.
2. Analytical techniques
During the summer of 2009, hand-filtered water samples were collected at all three spring
sites (Gypsum Hill (GH), Colour Peak (CP), and Wolf Spring (WS)), as well as at several
control locations (Expedition River, Colour Lake, and the small glacial run-off stream
next to WS spring) for stable isotope analyses, and precipitation experiments. These were
collected in 50 mL polypropylene BD Falcon tubes using 0.8/0.2 µm syringe filters, and
were stored at ~4ºC until laboratory analyses were conducted.
Twenty saline water samples were selected from the three spring sites for oxygen isotope
analyses. Four were taken along the length of the single spring at WS, six along the
largest spring at CP, and ten along the lengths of several springs at GH. These water
samples were analyzed using a Gas Bench instrument attached to a Thermo Finnigan
Delta Plus XL mass spectrometer in the Laboratory for Stable Isotope Science (LSIS) lab,
at the University of Western Ontario. Instrument error estimated on the basis of replicate
analysis of standards is better than ±0.15 ‰. An additional three fresh water samples
were selected from the control sites (Expedition River, Colour Lake, and the small glacial
run-off stream next to the WS spring), and later analyzed using a Picarro instrument with
cavity ring-down spectroscopy, also at the LSIS lab, University of Western Ontario.
Stable isotopes results are reported in δ18O‰ Vienna standard mean ocean water
(Vienna-SMOW). The instrument error for the Picarro instrument is estimated at better
than ±0.06 ‰.
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3. Results
Of the three sets of springs, WS has the most depleted spring δ18O values (-27.7 to 27.1‰), GH spring water is in the middle (-26.3 to -26.0‰), and CP is most enriched (24.9 to -24.6‰). Expedition River (predominantly glacial melt water) is the most
depleted control sample (-27.4), the small glacial melt water stream next to WS is in the
next most depleted (-26.9), and Colour Lake is more enriched than any other sample (21.1).
Based on these results, a few trends can be noted. The spring waters at GH & CP are
more enriched than glacial run-off water in Expedition River. There is evidence that GH
spring water is actually more depleted than precipitation, based on one sample from a
pool of spring water which was diluted by snow melt (-25.0, compared to the average
value of other GH samples of 26.1). CP springs are more enriched than GH springs, by
~1.5 ‰. Colour Lake is more enriched than GH and CP spring water by ~5 ‰. At WS,
the spring water is actually more depleted than the glacial stream, by ~1 ‰. WS spring
water is more depleted than both CP & GH, by ~1 & 3 ‰. Samples generally become
enriched in 18O downstream.
4. Discussion
All stable isotope results reported here are consistent with results presented by Pollard et
al. (1999), which fall along the local meteoric water line derived from long-term
precipitation monitoring roughly 200 km away in Eureka, Nunavut. Pollard et al. (1999)
therefore suggest recharge under climatic conditions consistent with those that dominate
in the region presently.
4.1. Source of CP and GH spring water
Results indicate that the spring waters at GH and CP have more enriched δ18O values
than glacial melt water in Expedition River (which both sets of springs flow into),
suggesting that the spring waters are not purely of glacial origin, or perhaps suggesting
that evaporation takes place between the glacial outflow source, and the recharge zone
which feeds the springs. However, the evidence that GH spring water is actually more
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depleted than precipitation (based on a sample from a pool of spring water which was
diluted by snow melt and icing melt, where icing water originates from spring outlets)
suggests that the spring source water is mostly glacial melt water, with little or no input
from precipitation. This is consistent with findings reported by Pollard et al. (1999).
Colour Lake, situated less than 2 km north of GH, is more enriched than the GH and CP
springs by ~5 ‰ and, therefore, it is very unlikely that water from Colour Lake is a
recharge source for these springs. This isotopic data supports talik formation calculations
presented by Pollard et al. (1999) in confirming the extreme unlikelihood of Colour Lake
(or any surface-water body) as a recharge source for the springs.
The CP springs are more enriched than GH springs, by ~1.5 ‰, which again, is
consistent with results presented by Pollard et al. (1999), and also with the model that
suggests the same source water, located closer to GH, feeds both springs (Andersen et al.,
2002). At the approximate temperatures of the aquifer (definitely less than 60 – 80 °C, as
this is not a hydrothermal system), it is likely that the isotopic composition of the
groundwater is conserved (Gat, 1996), thus isotopic ratios are not changed by heating.
Therefore the enrichment can most likely be explained by dilution of water from another
source. The ~1.5 ‰ difference could possibly be explained by the initial source water
being diluted by groundwater or precipitation recharging through fractures, particularly
near GH springs, at Expedition diapir, as water flows toward CP. Groundwater, or even
water from precipitation, would be more enriched than the initial source water, if it is
indeed predominantly glacial.
4.2. Source of WS spring water
At WS, the spring water is more depleted than water from a glacial melt water stream
flowing parallel to the spring outflow, less than 50 m from the spring outlet, by ~1 ‰.
This may indicate that melt water from a glacier ~9 km away is the source for both the
stream and the spring, but the stream water has become more enriched in 18O due to
evaporation, while the spring water is flowing underground and therefore not being
affected by evaporation to the same degree. WS spring water is more depleted than both
CP & GH, by ~1 & 3 ‰. This may be because the WS source is almost entirely glacial,
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whereas the CP and GH recharge water may include water from other more enriched
sources.
There is an alpine glacier ~9 km from Wolf spring, atop upper Cretaceous volcanic rock
of the Strand Fiord Formation (Harrison and Jackson, 2008), at an elevation of
approximately 900 m (at least 700 m above Wolf spring). A glacial melt water stream
flows from this glacier, over progressively older folded sedimentary rocks of lower
Cretaceous age. The stream flows over sandstone and minor shale of the Hassel
Formation, then limestone concretion-bearing black and dark grey shale units of the
Christopher Formation, and finally over a resistant sandstone unit of the Christopher
Formation (Harrison and Jackson, 2008). At this point, some of the water continues to
flow over land through a valley incised in the Wolf diapir and continues to flow within 50
m of Wolf spring, parallel to the spring outflow. Based on geology and topography from
Harrison and Jackson’s (2008) map, a fraction of the glacial melt water may be diverted
underground to feed the spring; water most likely flows down into the Wolf diapir at first
contact with the diapir, just over 1 km in horizontal distance from the spring and
resurfaces by traveling back up through Wolf diapir, possibly along a thrust fault mapped
by Harrison and Jackson (2008) as “assumed and covered”. Although oxygen isotope
data supports this hypothesis, the melt water stream is small enough that it is likely
seasonal, and it likely lacks the hydraulic head differential required to drive a deep
circulation system. This makes recharge from this stream through thick permafrost
unlikely. During the July 2012 field season, a previously unmapped lake was discovered
approximately 1 km in an upstream direction from WS. Water samples from this lake
have not yet been analyzed, but it is another candidate source of the WS water.
4.3. Role of evaporation
Finally, water samples generally become more enriched in 18O as water flows
downstream from outlets, presumably due to evaporation. We hypothesize that stable
isotopes in hydrated mineral crust samples would reflect these same trends and, therefore,
stable isotope studies on mineral samples from suspected past spring sites on Earth or
Mars could confirm the direction of flow, as long as atmospheric conditions are
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favourable to support sufficient evaporation over the distance in question. These trends
may become confusing, however, where springs have multiple outlets along the length of
a single flow path, like at CP and GH.
4.4. Origins of CP and GH springs
Possible explanations for the origins of the Gypsum Hill and Colour Peak springs have
been presented by Beschel (1963), Pollard et al. (1999), Andersen et al. (2002), and
Andersen (2004). The leading explanation for the existence of the GH and CP springs is
the flow and thermal model presented by Andersen et al. (2002). This hydrological model
takes into account the observations that the water temperatures and flow rates of the
springs are fairly consistent, despite seasonal changes in air temperature, and suggests
that the heating of the springs may be due to the local geothermal gradient, which is 37.3
°C km-1 (Taylor and Judge, 1976). Andersen et al. (2002) suggest that the major sources
of water are a combination of subglacial melt water and water from a glacially dammed,
perennially ice-covered alpine lake, Phantom Lake, ~400 m above, and ~13 km laterally
from the spring outlets. Measurements of gases in bubbles at one GH spring (Andersen,
2004) support a 2-source model and suggest that ~50% of the gas originates from air
bubbles released into groundwater from alpine glaciers and local ice sheets. The water
recharge areas and flow paths are thought to be related to the evaporitic piercement
structures. According to this model, water enters the subsurface through diapirs, (or
porous subglacial strata; Andersen, 2004) flows deep below the surface and beneath the
permafrost layer into a water reservoir within evaporite units at a depth of roughly 640 m,
reaching a temperature of 6 °C, and returns to the surface through the piercement
structures associated with the springs, losing some heat to the surrounding permafrost.
Zentilli et al. (2005) also point out that salt conducts heat better than other rocks and,
therefore, diapirs funnel geothermal heat upward. It is this geothermal heat that melts
permafrost and enables the formation of perennial springs. Oxygen isotope results
presented here are not sufficient to support this hypothesis, as water samples from
Phantom Lake were not collected, but results are not inconsistent with this proposed
model.
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4.5. Origin of WS
While the above model may work for the springs at Colour Peak and Gypsum Hill, it is
unclear if it also works for Wolf spring. It may be possible, owing to the recent discovery
of a lake approximately 1 km away from WS. This lake has dimensions of roughly 700 m
× 145 m, and an assumed depth of at least 7 m. There is also an alpine glacier ~9 km from
WS, atop upper Cretaceous volcanic rock of the Strand Fiord Formation (Harrison and
Jackson, 2008), at an elevation of approximately 900 m (at least 700 m above the WS
spring). A glacial melt water stream flows from this glacier toward WS, as discussed
above. Water from the lake has not yet been analyzed for oxygen isotopes, so this
hypothesis cannot yet be confirmed or dismissed.
5. Conclusions
CP springs are more enriched than GH springs, by ~1.5 ‰, which is consistent with the
existing models for the CP/GH system. WS spring water is more depleted than both CP &
GH, by ~1 & 3 ‰. Samples generally become enriched in 18O downstream. WS spring
water is more depleted than its proximal glacial stream by only ~1 ‰, suggesting they
may share the same water source. However, the glacial stream may not be a reasonable
perennial water source. A newly discovered lake near WS may be a better candidate for
supplying water to the spring perennially, but this water has not yet been tested for 18O
isotopes.
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Appendix E
Appendix E: Analytical techniques used
The approach at all study sites has been to first characterize mineralogy using field
mapping and X-ray Diffraction (XRD) of powdered samples. Of the minerals identified,
jarosite, thenardite, and gypsum were selected as the most interesting for potential
preservation of biological material. Then, reflectance spectra were collected on powdered
samples from the two sites featuring these two minerals: Golden Deposit and Wolf
Spring. Spectra were collected to get a feeling for how well the minerals in question
could be identified from orbital spectral data, as this is the most comprehensive
mineralogy dataset for Mars. A linear mixture was created using samples from the
Golden Deposit, to simulate spatial resolution of the CRISM instrument, and to
approximate what real orbital data would look like. This was compared directly to
CRISM data. Finally, reflectance spectra were collected on unprocessed mineral samples
from Wolf spring, as spring deposits on Mars will not be powdered to < 45 µm. Grain
size can influence spectra, and therefore results from powdered samples may not help to
accurately predict what spectra might look like from a spring deposit on Mars.
1. Review of X-ray Diffraction (XRD)
X-ray diffraction is a common laboratory technique for determining mineralogy of a
sample, based on crystal lattices. In the X-ray diffractometer, high velocity electrons
strike a metal (e.g., cobalt) target in an X-ray tube. As the high velocity electrons collide
with electrons orbiting the atomic nuclei of the cobalt atoms, target electrons are bumped
temporarily to higher energy levels. When target electrons fall back to their initial energy
levels, X-rays are emitted (Perkins, 2002). Different electron transitions emit different
wavelengths of radiation, but a filter is used to isolate K-alpha radiation. For this study,
mineral determination was performed using a Rigaku Rotaflex at Western University’s
Laboratory for Stable Isotope Science, with cobalt K-alpha radiation with a wavelength
of 1.7902 Å. These X-rays are then shot toward the sample. When X-rays interact with
crystalline material, a diffraction pattern is produced due to constructive interference of
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X-ray waves at select, diagnostic angles (Perkins, 2002). At these angles, unique to the
crystal lattice of each mineral structure, the resultant signal will have a relatively high
intensity, dependent on the quantity and quality of mineral in the sample. At all other
angles destructive interference takes place, and the resultant signal has a low intensity.
The diffracted beam reaches the X-ray detector, which rotates through 2θ angles, where θ
is the orientation angle of the diffracting plane in the crystal and 2θ is the angle between
the X-ray beam and the detector. For this study, 2θ ranges from 2° to 82°. The diffraction
angle can be calculated using Bragg’s Law:
nλ = 2dhlksinθ,
where n is generally equal to 1, λ is known (1.7902 Å in this study), dhlk is the distance
between lattice planes, and θ is the angle of orientation of the diffracting plane in a
crystal. Miller indices (hkl) describe the planes of atoms in a crystal. The relationship
between Miller indices, unit cell lengths, and d-values is unique to the crystal system
(Perkins, 2002). Crystalline mineral phases were identified in this study using the
International Center for Diffraction Data Powder Diffraction File (ICDD PDF-4) and the
BrukerAXS Eva software package at the micro-XRD facility at Western University.
Qualitative relative abundances of observed minerals were determined based on visual
inspection of peak height intensities.
2. Review of reflectance spectroscopy
Reflectance spectroscopy uses photons of light reflected from a target to determine the
chemical composition of that target. The light source can be the sun, or an artificial light
source emitting wavelengths over a desired range. Planetary spectroscopy uses light from
the sun, so for this study the focus will be on the range of wavelengths emitted by the
sun. A spectrometer will collect incoming light, and disperse, or break this reflected light
into constituent wavelengths, and measure the intensity as a function of wavelength. To
ensure accuracy, the spectrometer mush be calibrated using a well understood standard,
such as Spectralon®, and background noise needs to be accounted for. Target materials
will have diagnostic absorption bands, depending on chemical composition, and how
atoms are bound together. Atoms and molecules in minerals are not rigidly bound, and

231
can therefore move relative to each other in a number of ways: translation; rotation;
bending; and stretching. The latter two can be grouped together as vibration, and these
forms of motion generally require a large amount of energy, reflected in shorter
wavelengths. Translation requires the smallest amount of energy (longest wavelengths),
and rotation requires a moderate amount of energy (next longest wavelengths).
Vibrational features are most often used in mineral identification. Vibration is a function
of: atomic mass; interatomic distances; nearest neighbours; and molecular symmetry.
Vibrations at different wavelengths can be attributed to specific molecules; e.g., S—O
bond in sulfate, H—O bond in water. The quality of spectra will also depend on grain
size. Absorption features will be weaker if grain size is too large and surface to volume
ratio becomes too low, thus increasing the chances of photons being absorbed by the
target. Mineral composition and structure can ultimately be determined based on the
wavelength/position, width, and depth/intensity of the absorption band(s). Problems with
identifying minerals arise because some minerals (e.g., thenardite, halite) have few or
weak bands, very wide bands, or because many minerals have similar bands (e.g.,
sulfates). In addition, in targets with mineral mixtures, bands can overlap, and mixtures
are generally non-linear (Cloutis, 2012).
For this study, reflectance spectra of powdered and unprocessed samples were collected
with a FieldSpec Pro HR spectrometer and a Bruker Vertex 70 spectrometer at the
University of Winnipeg Planetary Spectroscopy Facility (Cloutis et al., 2006). FieldSpec
Pro spectra were acquired from 0.35-2.5 µm with a viewing geometry of i = 30º, e = 0º,
using a quartz-tungsten-halogen light source. Bruker spectra were acquired from 1.6-25
µm with a viewing geometry of i = 30º, e = 0º, using a mid-IR glowbar light source, a
KBr beam splitter, and an MCT cryo-cooled detector.
3. Orbital reflectance spectra for Mars: CRISM
Orbital reflectance spectroscopy is more complicated than laboratory-based spectroscopy
because planetary atmospheres cause interference. Light can be scattered or reflected by
dust and aerosols, or absorbed by molecules in the atmosphere, so only a very small
amount of light is actually reflected from the ground. Atmospheric windows can,
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however, be anticipated over wavelengths where atmospheric molecules are not likely to
absorb photons. In addition, calibration can be difficult, as laboratory standards cannot
reliably be used on other planets because they may degrade over time, or become covered
in dust. In addition, even if calibrated prior to launch, the instrument will experience
turbulence during launch, and will likely no longer be calibrated in the same way once it
reaches its destination. Nonetheless, laboratory data can be compared to orbital data
provided these differences are understood.
The orbital spectroscopy instrument of most relevance to this study is the Compact
Reconnaissance Imaging Spectrometer for Mars (CRISM) instrument aboard Mars
Reconnaissance Orbiter. The CRISM dataset is among the most complete, highest
resolution planet-wide mineralogical data sets for Mars. CRISM is a visible-infrared
imaging spectrometer, which uses the spectrum of reflected sunlight as its light source. It
looks at wavelengths in 544 channels, covering 0.362 to 3.92 µm, with a spectral
resolution of 6.5 nm per channel, and a spatial resolution of 20 to 200 m per pixel
(Beisser, 2010). Using a telescope, CRISM focuses light reflected from Mars’ surface
onto a long, narrow slit. Here a beamsplitter reflects wavelengths of 0.36 to 1.05 µm, and
transmits wavelengths of 1 to 3.92 µm so that each will reach their own spectrometer and
detector. Each spectrometer spreads the white light from each pixel into a spectrum that
can then be focused on its detector, using mirrors and a diffraction grating. CRISM can
operate either as a high-resolution, targeted hyperspectral imager, or as a global
multispectral mapper. Only about 1% of Mars will be studied in hyperspectral imaging
mode, and the remainder will be mapped in multispectral mode (Beisser, 2010). From an
altitude of 300 km, swath widths are 9.4 to 11.9 km. To collect data over the surface of
Mars, CRISM creates an image cube, with information in the X, Y, and Z directions. X
and Y represent the location of the spectra, and Z is the spectrum for each point in space.
However, some of the most useful spectral features identified in this study lay outside of
CRISM’s range, and wavelengths of > 3.92 µm. Data from other Mars orbital
spectrometers may be useful in detecting halite and thenardite in particular, despite lower
spatial resolution. For example, the Observatoire pour la Mineralogie, l’Eau, les Glaces et
l’Activite (OMEGA) imaging spectrometer on Mars Express collects spectra from 0.3 to
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5.2 µm (Bibring et al., 2005), and the Thermal Emission Spectrometer (TES) aboard
Mars Global Surveyor (MGS) collected data from 6 to 50 µm (Bandfield et al., 2000).
Spectra with the relative coarseness of orbital imagery are useful for identifying the
dominant minerals at a site of interest, and drawing coarse-scale conclusions. This
especially applies when spectra are obtained from locations with minerals that have very
strong absorption features, (e.g., jarosite) which may overshadow other minerals. In
addition, given the spatial resolution of orbital data, there are limitations to the sizes of
mineral deposits that orbital spectra can identify, and smaller deposits may go undetected.
Therefore, orbital spectroscopy is a fantastic tool to help us understand big picture
mineralogy on the surface of Mars, but it has limitations as a remote sensing technique.
Ground-truthing is very important to gain a detailed understanding of most sites on Mars.
Analogies must be drawn between orbital-scale data and laboratory quality data at similar
sites on Earth in order to more accurately identify and justify sites of interest for sending
future surface missions to unravel the many mysteries of Mars.
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